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PREFACE 


This is the final report on a study and survey of microwave echo 
boxes, performed under a subcontract with the Johnson Service Com- 
pany of Milwaukee, Wisconsin. The work was sponsored by the Bureau 
of Ships, U. S. Navy, under Contract No. NObsr-57108. The follow- 
ing items of work were called for in the subcontract: 


a. Determine the needs of the Navy concerning microwave echo 
box test equipment... 


b. Prepare a bibliography and set of abstracts covering the field 
of echo box development and application... 


c. Prepare a design handbook for echo boxes... 


d. Furnish a tabulation of data on each existing echo box design... 


e. Prepare a new echo box design... 


A survey performed under (a) above disclosed a need for an echo 
box in the frequency range 3400 - 3700 mcs with longer ringing time than 
now available. Therefore, a new box meeting these requirements was 
designed and a prototype built and tested as required under (e) above. 


The survey also disclosed that echo boxes are not being used effi- 
ciently by most of the radar maintenance personnel interviewed. In a 
majority of cases this inefficiency was apparently due to inadequate in- 
formation as to the inherent capabilities and limitations of the echo box 
as a radar test instrument, and how it compares with other types of test 
equipment. A discussion of these factors has therefore been included in 
Chapter II of this report. 


The "Desig: Handbook" makes up the remainder of the report, with 
the exception of Appendices IV and V, which contain the abstracts and 
echo box data called for under (b) and (d) of the Work Statement. The 
bibliography and abstracts sections consist of more than 300 abstracts 
of patents, books, articles, laboratory reports, and technical manuals 
dealing with echo box or resonant cavity theory and practice. Data on 
69 existing echo boxes have been tabulated. 
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ECHO BOX DESIGN HANDBOOK 


CHAPTER I 


INTRODUCTION AND SUMMARY 


The term "echo box" has, by common usage, come to mean a radio- 
frequency resonant cavity designed specifically to test the over-all per- 
formance of a pulsed radar. A cavity so designated is differentiated from 
other cavities designed primarily to serve as frequency meters as sta- 
bilizers for microwave oscillators, or for other purposes. The particular 
feature of the echo box which sets it apart from other resonant cavities 
is the possession of an exceptionally high quality factor, or "Q", analogous 
to the Q of ordinary tuned resonant circuits. This feature permits elec- 
tromagnetic energy within the cavity to dissipate very slowly, overa 
period of time sufficiently long for the stored energy to be used as a 
signal source of known characteristics with which to measure radar per- 
formance. An earlier, and perhaps more descriptive, name applied to 
the device was "phantom target". 


It is believed that the idea for using a cavity in this fashion originated 
at the MIT Radiation Laboratory fairly early in World War II. The early 
echo boxes were designed and built hurriedly and to a considerable extent 
empirically. The results were not particularly satisfactory, and it was 
then realized that more careful design and construction were necessary. 
Once this fact was established, the development of more adequate designs 
proceeded rapidly. Members of both the Radiation Laboratory and the 
Bell Telephone Laboratories contributed extensively to the theoretical 
work, and the boxes were built by a number of concerns, notably the 
Johnson Service Company and the Western Electric Company. 


At the present time the design and manufacture of echo boxes involves 
the use of specialized techniques and processes which have resulted from 
theoretical and experimental investigation, as well as from the experience 
obtained in the production of successful (and unsuccessful) past designs. 
The echo box has evolved into a rugged, simple, relatively light, and 
highly reliable piece of test equipment, capable of considerable precision 
when used properly. Unfortunately, it appears to have suffered some 
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neglect and misunderstanding on the part of its users due to the very fact 
that it is such a simple device. There appears to be a fairly wide-spread 
feeling among radar maintenance men that, because of its simplicity, the 
echo box is not capable of furnishing other than relative, qualitative meas- 
urements. Therefore, a discussion of the application of the echo box to 
radar testing has been included in Chapter II. This chapter describes 

the various tests which can be made with an echo box, their relative ac- 
curacy, and the proper ways of performing them. In addition, a compari- 
son is made between the echo box and other types of radar test equipment 
which can perform similar or duplicate functions. The factors which de- 
‘termine the specific type of echo box required for a particular application, 
are also discussed, because it has been found in the field that maintenance 
personnel are sometimes handicapped by having an echo box that will not 
perform sufficiently well to be useful with a particular radar, or in a 
particular geographical location. 


The remainder of this paper is concerned with the theory, design, 
manufacture, and testing of echo boxes. Chapter III begins with a dis- 
cussion of resonant cavities in general, introduces the concept of the 
mode chart, explains the construction and use of such a chart, and dis- 
cusses the theory of cavity coupling and the suppression of extraneous 
modes, Charts and diagrams for various cavity modes are given, anda 
table of roots of Bessel functions is provided. In addition, three large 
mode charts are included which incorporate most of the commonly used 
modes. The factors which influence ringing in an echo box, as well as 
techniques for providing uniformity of ringing, are discussed. Design 
of cylindrical, coaxial, and partial coaxial cavities is also discussed, 
and an example of each type of cavity is given. 


Chapter IV is concerned with the manufacture of echo boxes, and 
Chapter V with design and acceptance tests and testing methods. Chapter 
VI deals with unusual types of echo boxes or similar devices. 


' Throughout the paper an attempt has been made to avoid lengthy mathe- 
matical or theoretical discussion. Where it was felt that such discussion 
snould be included, it has been relegated to the appendices. No develop- 
ment of the cavity field equations is included, the reader being referred 
to References 7 and 27 for standard treatments of this subject. The ap- 
pendices on cavity perturbations and equivalent circuits should not be 
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regarded as extensive discussions of the subjects, but rather as sketches 
or outlines showing the progress of investigation along these lines, and 
as indications of the possible usefulness of these concepts. 


The handbook attempts to treat echo box design and construction as 
the state of the art presently stands, and speculations as to future lines 
of development or investigation are avoided. It is hoped that by doing so, 
a more practical handbook has resulted. 


Material has been borrowed freely from many references in the field, 
notably the excellent articles (Ref. 6) on resonant cavity design by Messrs. 
Kinzer, Schramm, and Wilson of the Bell Telephone Laboratories; the - 
Bell Telephone Laboratories have kindly given permission to reproduce 
their outstanding series of plates depicting cavity fields and wall currents, 
as well as numerous other figures from Bell Telephone Laboratory re- 
ports. Mr. John Martin of the Johnson Service Company supplied con- 
siderable information regarding manufacture and testing of echo boxes. 

To these sources, and to all others who have given permission to use 
material, thanks are expressed. 


In addition to the authors, the following personnel at the Willow Run 
Research Center have contributed to the technical work required in the 
preparation of this handbook: J. Wolf, J. Constant, W. Orthwein, H. Weil, 
L. Roellig, and D. M. Brown. 
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CHAPTER II 


THE ECHO BOX AS A TEST INSTRUMENT 


IIA METHODS OF TESTING WITH ECHO BOXES 


IIA.1 Radar Performance Measurements 


Fundamentally a radar is a rather simple device; radar systems, how- 
ever, have become increasingly complex in recent years. The growing 
tendency has been to place more and more dependence on the information 
provided by radar means. Radar units have become more or less integral 
parts of complex networks for the gathering and handling of information. 
The evolution of radar has produced three major maintenance problems: 
the technical difficulty of maintenance has increased; it is more difficult 
to schedule sufficient 'down-time" for maintenance; it is more important 
than ever to keep radars in peak operating condition. 


In view of these problems, it is essential for maintenance personnel to 
be especially skillful in the use of those techniques which will enable them to 
achieve the desired results with a minimum of time and effort, and with an 
accuracy consistent with the uses for which the radar was intended. 


The maintenance of a radar from the point of view of maximizing its 
performance as a detection device involves determining the sensitivity of 
the radar receiving system; ascertaining the condition of the transmitting 
system; localizing defective components; and restoring the equipment to 
optimum performance if it is found to be defective. 


IIA.2 Testing*With Echo Boxes 


Under the proper conditions, most of the above tasks may be performed 
with the resonant cavity known as an echo box. This does not mean that the 
echo box is necessarily the best means for'these measurements. The most 
effective tool must be determined by other considerations including desired 
accuracy of results, type of radar, and availability of equipment and time. 
A comparison of echo box techniques with other methods of making radar 
performance checks is given in Section IIC. 


For accurate and reliable measurements to be made with an echo box, 
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the following requirements must be met (Ref. 1): 


1, A reliable, well designed, tunable echo box must be provided. 
This box must have sufficient ringing time, and must be equipped 
with: an adequate tuning indicator; an accurate, easily read- 
able tuning dial; anda frequency calibration curve (if available). 
The electrical properties of the box must be known or predictable 
over the entire tuning range. 


2. Simple and reliable means for coupling the echo box to the radar 
must be provided. The degree of coupling must be known quan- 
titatively. 


3, Means must be provided for observing and accurately eagus ine 
the echo box ringing time. 


4. Means must be provided for predicting the proper ringing time 
of the echo box for the radar being tested. 


In the hands of a technician familiar with the factors affecting the 
ringing time, these essentials permit the echo box to be used to its maxi- 
mum accuracy and reliability and the results to be interpreted. It is still 
possible to use the echo box even if the box itself is not of the best design, 
if the coupling means to the radar is not known quantitatively, or if a 
means for predicting ringing time is not available, although results ob- 
tained under these circumstances will be of lesser value. 


IIA.3 Echo Box Ringing Time 


The ringing time is a measure of the over-all radar performance. 
The ringing time depends on the performance of both the transmitting and 
receiving systems, and significant defects of either system will, in most 
cases, be revealed by a decrease in ringing time. 


An echo box is essentially a tuned resonant cavity which, for the pur- 
poses immediately at hand, may be represented as a simple tuned res- 
onant electrical circuit containing resistance, inductance, and capacitance 
in series. When in use, this cavity is coupled loosely to the radar so that, 
during the transmitter pulse, a small portion of the transmitted energy 
passes through the coupling device and into the resonant cavity. The 
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arrangement is shown schematically in Figure IIA-l. As indicated in 


X7 Resonance 
Coupling into S (h)2— Indicator 
Radar Transmission Line (© 


R Cc 
Coupling into Echo Box 


Radar Transmission Line 


T-R 
Switch 


From Transmitter To Receiver 


FIG. Il A-1 SCHEMATIC REPRESENTATION OF ECHO BOX 
COUPLED TO RADAR 


this figure, there are actually two coupling devices to consider: one from 
the radar into the line leading to the echo box, and one into the box itself. 
An indicator is provided to show when the echo box is tuned to the trans- 
mitter frequency. Commonly, a small portion of the energy is coupled 
out of the resonant cavity, rectified by means of a crystal diode, and the 
resulting direct current indicated on a meter. 


An electrical, mechanical, or acoustical resonant circuit possesses 
the property that, when momentarily disturbed, it may continue to vibrate 
or oscillate for a period of time after the initial disturbance has ceased. 
The duration of such an oscillation depends upon the rate at which energy 
is extracted from the system, regardless of whether the energy is lost as 
heat, or is deliberately removed for some useful purpose. The useful- 
ness of the echo box as a radar test instrument is directly dependent 
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on this ability to "ring" or oscillate for an extended period following ini- 
tial excitation. When the transmitter is turned on, the echo box cavity, 
initially unenergized, receives energy via the coupling device. If the 
resonant frequency to which the box is tuned corresponds to that which 
the radar transmitter is generating, electromagnetic oscillations of in- 
creasing intensity will be induced in the cavity. 


If the transmitter were to be left turned on for an extended period, 
the oscillations within the cavity would eventually reach a steady ampli- 
tude; however, most radar transmitters are pulsed for too short a time 
for this to happen. Therefore, the amplitude of the oscillations in the 
cavity is still increasing at the time the transmitter is turned off. 


After the transmitter has been turned off, the oscillations in the cavity 
gradually die away. Most of the stored energy is lost as heat in the re- 
sistor R (Fig. IIA-1), which represents the internal losses in the metal: 
walls of the cavity and in the resonance-indicating circuit. Some of the 
energy, however, will leave the cavity by way of the path along which it 
entered -- namely, the coupling devices and transmission line leading to 
the radar. It is this part of the energy which provides a radar perform- 
ance test, for, as it passes down the radar transmission line and into the 
receiver, it will be seen on the radar indicator or auxiliary indicator as 
a signal or "echo" lasting until the strength of the oscillations has di- 
minished to the point at which they are no longer discernible in the "grass" 
or noise generated in the radar receiver. 


Immediately after the transmitter has been turned off, the strength 
of the signal returned from the echo box is great, in general many times 
greater than the maximum signal the radar receiver and indicator are de- 
signed to handle. Therefore, the indicator will display a maximum or 
saturating signal which will extend out to that range at which the returned 
energy is no longer sufficient to saturate the receiving or indicating cir- 
cuits. Beyond this range, the signal will drop quickly into the noise back- 
ground. The general appearance of this phenomenon on an A-scope is 
shown in Figure IIA-2. It should be noted that the ringing time is meas- 
ured from the beginning of the radar pulse to the range at which the "top" 
of the noise is no longer above the general level of the rest of the noise. 
lt is not possible to judge ringing time by the range to the end of the sat- 
urated portion of the ringing time, nor by the bottom of the noise because 
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FIG. I] A- 2) MEASUREMENT OF RINGING TIME ON AN *A” SCOPE 


these ranges are affected by receiver gain settings and other factors which 
tend to make the measurements inaccurate. 


The A-scope presentation is the most satisfactory for determining 
ringing time accurately. If, however, an A-scope is unavailable, other 
types of scopes may be used. Figure IIA-3 shows ringing time ona 
PPI, both with the antenna motionless and with the antenna rotating. 


The more powerful the radar transmitter, the more energy will be 
stored in the echo box cavity during the transmitted pulse, and the greater 
the time after the pulse before the energy dies down to the level at which 
it can no longer be seen on the indicator. In addition, the ringing time 
will be longer with a sensitive receiver. 


IIA.4 Factors Affecting Ringing Time and the Prediction of Ringing Time 


The relation among-the several factors affecting ringing time of an 
echo box is shown in Figure IIA-4. The energy level which exists in the 
radar transmission line during the transmitted pulse is represented by the 
horizontal line at the top of the figure. A small amount of this energy is 
removed from the radar system -- preferably by a directional coupler; 
otherwise, with a test dipole or horn located in the beam of the antenna -- 
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Background Noise 
or “Snow” 


Background Noise. 


a. ANTENNA MOTIONLESS 


b. ANTENNA ROTATING 


FIG. Il A-3.| MEASUREMENT OF RINGING TIME ON A PPI SCOPE 


and fed into an auxiliary transmission line leading to the echo box. The 
decrease in energy level associated with this sampling process is indi- 
cated by the vertical line marked "Coupling Loss W,". This loss is gen- 
erally of the order of 20 to 35 decibels. 


There will be a certain amount of energy loss in the radio frequency 
(RF) transmission line leading from the coupling device to the echo box. 
This loss is represented in the diagram by the vertical line marked "Line 
Loss W,". Because this transmission line is generally made up of a 


length of flexible coaxial cable such as RG-8/U, it is not desirable to use 
too long a run, for the attenuation of such a cable is a function of tempera- 
ture and of the age and general condition of the dielectric. In addition, 
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the attenuation increases rapidly with frequency so that, at the higher 
radar frequencies, the attenuation of a long cable will be excessive and 
variable in an unpredictable manner. The attenuation of some commonly 
used cables is given in Figure IIA-5. On the other hand, a certain amount 
of attenuation between the coupling device and the echo box is a necessity, 
due to the mismatch of the impedances at the output of the transmission 
line from the resonant cavity (see below). This minimum attenuation 
should be of the order of 3 db. The level of energy in the input coupling 
device at the echo box is represented by Level3 in the figure. 


For reasons which are discussed in more detail in Section IIID, the: 
impedance match into the echo box itself is necessarily quite poor; a 
qualitative explanation can be given here. If the transmission line im- 
pedance were to be matched at the device coupling energy into the echo 
box, energy transmission into the box would be at a maximum, and this 
condition would provide the greatest possible amount of energy storage 
in the box for a given amount of energy received from the radar pulse. 
On the other hand, this condition would lead to the most rapid transfer of 
energy out of the cavity after the end of the transmitted pulse; the stored 
energy would be dissipated very quickly by coupling back into the radar 
System; and the ringing time would be very short. This is, of course, 
undesirable. Conversely, it is obvious that, if the coupling is too loose, 
little ringing time is obtained because insufficient energy is being . 
transferred into the cavity. The optimum value of coupling at the echo 
box coupling device will lie somewhere between these two extremes, and 
an impedance mismatch is presented. In the practical design of echo box 
cavities, this value is obtained experimentally by varying the coupling 
until the greatest ringing time is obtained when the box is used with the 
radar system for which it is designed. This loss, W,, resulting from 
the optimum value of mismatch, is usually from 10 to 15 decibels... 


It was stated above that the energy in the resonant cavity does not 
reach a steady level during the transmitted pulse, because the pulse is 
too short. The energy levels within the cavity are represented in Figure 
IIA-6. The solid lines represent the actual energy within the cavity, 
while the broken line represents the manner in which the energy would 
continue to increase if the radar transmitter were left turned on for a 
very long time. The difference between the energy in the cavity at the 
end of the pulse and the energy level that would eventually have been 
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reached is labeled ''Charging Loss Ww, This charging loss is a function 


not only of the radar pulse length, but also of the quality factor (in this 
case, the "loaded Q", or Q,) of the cavity (Sec. IIIA). The charging 


loss W, can be found to within a good approximation from the equation: 
-wt 


2Q, 


Charging loss in db = 20 108 9 1 - exp 


where w= 27 x the frequency of resonance in megacycles per second, t 


is the pulse length in microseconds, and Q. is the quality factor. Charg- 


L 
ot 
ing loss is plotted against the exponential term OTL in Figure IIID-1. 


2Q,, 


After these losses have been subtracted, the energy level that exists 
within the echo box at the termination of the transmitted pulse, is ob- 
tained (Level 5 on Fig. IIA-4). Since the transmitter is now turned off, 
energy will be fed out of the resonant cavity and back into the radar system. 
In its return path, it encounters the losses enumerated previously: coupling 
loss W., line loss W_, and coupling loss Wi: just after the termination 
of the transmitted pulse, the energy existing within the radar transmission 
line as a result of the storage of energy within the echo cavity can thus be 
represented by Level 8 in Figure IIA-4. 


As the energy within the cavity is dissipated, its level at the radar 
transmission line will decrease along an exponential curve such as that 
labeled "Discharge Path" in Figure IIA-4. At some later time the 
signal will no longer be visible in the receiver noise. This time is 
the ringing time of the echo box, and is so labeled in Figure IIA-4. It 
should be noted that the ringing time in the figure is measured from the 
termination of the transmitted pulse; however, in practice, this is not 
usually done. Instead, the ringing time, like radar ranges, iS measured 
from the beginning of the transmitted pulse, which means that the duration 
of the transmitted pulse must be added to the ringing time shown sin Fig- 
ure IIA-4, 


When all the above factors are known, it is possible to obtain a figure 
Pek 
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which represents the "expected ringing time" -- that is, the ringing time 
which is expected when the echo box is being used with the particular radar 
for which these factors are determined, and under the assumption that the . 
radar is in good condition. In some cases, an equation for predicting the 
ringing time is given in the instruction manual for the particular box. This 
equation will contain some of the quantities affecting the ringing time in the 
form of an empirical constant. When furnished, this equation should be 
used in preference to other methods of predicting ringing time, since it 

will produce more accurate results. The authors believe that all speci- 
fications for echo boxes should contain a requirement that this equation 

be determined and included in the instruction manual because, without it, 
the user of the box finds himself unable to make quantitative measurements 
of radar performance. In case this equation is not known, it may be pos- 
sible to measure the radar performance accurately by other means, and 
then make a measurement of ringing time. 


If neither of the above alternatives is possible, estimates of the vari- 


ous quantities contained in the ringing time equation can be made (Sec. 
ITID). 


IIA.5 Interpretation of Ringing Time 


A loss in radar performance is commonly measured in terms of dec- 
ibels below a standard or optimum figure. Such a standard figure can be 
obtained by determining the peak power output which the transmitter should 
have, and subtracting from it the power of the minimum signal which the 
receiver should be able to present as a visible target. Both powers are 
expressed in decibels relative to an arbitrary reference level such as one 
watt or one milliwatt. 


For example, if a radar has a peak output power of 200 kilowatts, this 
output can be represented as +53 dbw (plus 53 decibels relative to one watt). 
With a good radar receiving system, it is usually possible to observe a 
signal whose power is somewhat (approximately 5 db) below the noise level of 
the receiver. The noise level of a good receiver is greater than the "theo- 
retical noise" level by 10 to 17 decibels. The difference between actual 
and theoretical noise levels is the "noise figure" of the receiver. The 
theoretical noise level is the thermal noise that would be generated in an 
ideal receiving system having the same bandwidth as the actual one; the 
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noise figure, 10 to 17 decibels, represents the discrepancy between the 
ideal receiver and a fairly good microwave receiving system. The theo- 
retical noise level is approximately -144 dbw for an ideal receiver with 

a one-mcs bandwidth. Since noise power is proportional to the re- 

ceiver bandwidth, an ideal receiver of two-mcs bandwidth would gener- 

ate, internally, a noise power of -141 dbw. A practical receiver of one- 
mcs bandwidth would be able to perceive a signal of the order of -144 

+10 -5 or -139 dbw. If this receiver were used with the 200 kw transmitter 
mentioned previously, the radar performance would be +53 -(139) or 192 db. 
(Since the final number of 192 represents the ratio of the peak output power 
to the minimum received signal, it is proper to express this number simply 
in terms of decibels rather than decibels relative to a certain reference 
level). 


In making radar performance tests with an echo box, the operator 
does not ordinarily compute the radar performance to be expected, meas- 
ure the ringing time, deduce the actual performance from the ringing time, 
and then compare the actual performance with the expected performance. 
Instead, as a simplification, he computes the ringing time to be expected 
if the performance of the radar is good, compares the expected ringing 
time with the measured ringing time, and interprets the difference in 
ringing times in terms of decibels loss of performance. 


A loss of a certain number of decibels in the performance of a radar 
signifies that the ability of a radar to "see" targets (that is, the probability 
of detection) has diminished. Unfortunately, the loss in range may 
be entirely out of proportion to the number of decibels lost. A radar can- 
not perceive all types of targets equally well. The effect of a loss of radar 
performance on the range at which a "hard-to-see" target is detected is 
drastic indeed. 


The effect of loss in radar performance on detection range is shown 
in Figure ITA-7 for three types of targets: large ships, small objects over 
water, and aircraft. A loss of only 12 db reduces the maximum range at 
which aircraft can be detected to one-half its normal value, while the loss 
of an additional 12 db reduces the range by another 25 per cent. In order 
to detect small targets (such as aircraft, small boats, periscopes and 
schnorkels) at maximum range, it is of the utmost importance to maintain 
the radar at peak performance. The first few decibels of lost performance 
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do the greatest amount of damage to a radar's ability to detect these small 
but important objects. However, easy-to-see radar targets will still be 
visible, so that. the radar seems to the operator to be normal. 


In order to translate a decrease in ringing time into a decibel loss 
in radar performance, a relationship must be established between these 
two factors. This relationship is commonly called the ''sensitivity"' of 
the echo box and is expressed in terms of yards of ringing time lost per 
decibel lost. (Sometimes the "decrement" is given in db per microsecond). 
Again, in order to determine this quantity, the characteristics of the echo 
box must be known. The echo box sensitivity should be stated in the in- 
struction manual for the box being used, although this is not always done. 
For most boxes it is between 40 and 100 yards per db. A good S-band box 
such as the TS-270/AP has a sensitivity of about 90 yards per db. 


The sensitivity can be measured without too much difficulty by in- 
serting a known attenuator in the cable leading to the echo box. The ring- 
ing time is first measured without the attenuator and is then measured 
with the known attenuator in the line. The second ringing time will be 
less than the first because of the additional attenuation. Since the RF 
energy must pass through the attenuator twice -- once entering the echo 
box and again leaving -- the attenuation used in the calculation must be 
twice the value marked on the attenuator. The sensitivity of the echo box 
is the observed change in ringing time divided by twice the value of the 
attenuator in db. As is the case with all measurements conducted at mi- 
crowave frequencies, there are pitfalls awaiting the uninitiated. This 
measurement should be performed only by an experienced microwave 
technician (Sec. VA-3). 


IIA.6 Other Possible Echo Box Measurements 


The prime function of an echo box is the determination of over-all 
radar performance by means of ringing time measurements. In addition, 
the device can be used as a diagnostic tool to localize difficulties occurring 
within the radar system. By proper use of an echo box, it is possible to: 


1. Tune the tunable RF components 


2. Measure transmitter frequency, spectrum, and pulse length 
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. Measure the receiver passband 


4, Determine whether the transmitter changes frequency as the an- 
tenna is moved ("pulling") 


5. Discover erratic operation and, in some cases, discover its cause 
6. Obtain a rough indication of transmitter power output 

7, Examine the operation of the automatic frequency control 

8. Measure the recovery time of the transmit-receive switch (TR box) 


9. Determine the recovery time of the receiver 


10. Measure the standing wave ratio. 


IIA.6.1 Tuning RF Components 


An echo box is a valuable aid in tuning up a radar. Whena radar is 
grossly out of tune, as is frequently the case after components are re- 
placed, echoes frequently cannot be seen at all. Therefore, there is no 
criterion for tuning. An echo box provides an echo which is extremely 
strong, stronger than the echoes from near-by objects. For tuning pur- 
poses, the echo box is connected and tuned as for a ringing time test, and 
then the radar local oscillator is tuned until ringing time is seen. The 
other adjustments can be almost arbitrarily far from correct tune, yet 
ringing will still be seen. Once ringing appears, the other adjustments 
can be set to maximize the ringing. 


Echo boxes are of particular value when a radar must be tuned in the 
absence of an antenna, as ina repair shop, ina submarine, or during 
radio silence. In some radars, an RF switch is provided so that tune-up 
can be made on a dummy load; thus, the radar can be put into operation 
instantly by switching to the antenna. When this is done, it is important 
to be sure that the transmitter does not shift frequency during the change 
from the load to the antenna. The best way to overcome this difficulty is 
to tune up on the load, switch to the antenna, then shift the magnetron 
tuning as needed to move the transmitter back to the exact frequency on 
which the tune-up was made. The echo box meter is used as the criterion 
for setting the magnetron frequency, since the echo box tuning remains 
set on the original magnetron frequency on which the tune-up was made. 
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Even when echoes are present, it is quite convenient to tune a radar 
using an echo box signal. The echo box signal will not fluctuate or flutter 
as a ''natural" echo will, and a better tune-up results. 


It is most desirable to use an A-scope to observe the ringing, and it 
is very helpful to reduce the receiver gain so that noise is eliminated. 
This procedure improves the accuracy to which the ringing time can be 
measured. It is also helpful to place a vertical mark on the face of the 
A-scope with a grease pencil as shown in Figure IIA-8a, so that it cuts 


Range interval —om 
(a) 
corresponding to 
Reference mark Variation in ringing 3 decibels (c) 
on A- scope time shown by displacement Twin reference 


with a 3 decibel 
range interval 


FIG. I| A-8 REFERENCE MARKS ON A-SCOPE AS AN AID IN 
MEASURING RINGING TIME 


through the sloping portion of the ringing. Variations in ringing can then 
be seen easily as a displacement of the point where the ringing cuts the 
vertical line (Fig. IIA-8b). 


If this is not done, and if echoes or range marks are not present, the 
eyes of the operator tend to follow the ringing decay pattern back and forth 
in range. Since the shape of the pattern does not change, the result is 
misleading. Maintenance men sometimes say, "I can tune up better on 
anecho", This statement is incorrect, and it is the result of not placing 
a mark on the scope. At each pcint in the echo box decay signal, the 
signal moves up and down with tuning exactly as does a target echo. The 
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echo box provides a signal of constant strength which permits more ac- 
curate tuning to be made than witha "live" target because there is no 
flutter or fading. . 


The major advantage of using an echo box rather than an echo in tuning. 
a radar is that the box is set up as for a ringing time check, so that it is 
possible to tell in a few seconds by a ringing time check whether or not 
the radar tuning has accomplished its purpose. In spite of the contrary 
subjective opinions of some experienced radar maintenance men, such 
a check simply is not possible on natural target echoes. 


Maintenance men sometimes also say, "I get a different tune-up on 
the echo box than on echoes". This statement is an indication of a very 
simple mistake: the echo box was not tuned to the radar frequency. What 
probably happened was that the radar was turned on, the echo box tuned to 
the transmitter, and the tuning commenced. The transmitter was cold, 
and it drifted as it warmed up. Hence, maintenance men must be sure 
to check the echo box tuning. 


There is a possibility that, due to feed-back within the IF strip or to 
misalignment of a "stagger tuned" IF strip, there will be a peak in the 
IF response near one side of the IF passband. In this case, the local 
oscillator may be tuned accurately to this peak rather than to the center 
of the IF passband when an echo box is used. The echo box re-radiates 
energy in very narrow bandwidth. When tuning the local oscillator by use 
of an echo box, it is easy to recognize a ''flat topped'' IF and to tune to the 
center of it. It is also easy to recognize such a peak in the IF and avoid 
it. In general, the result of tuning to such a peak is not particularly seri- 
ous in any case, and no adjustments other than that of the local oscillator 
are affected. Ifit is suspected that the IF amplifier has this particular 
fault, it is possible to check the shape of the IF passband with an echo 
box, as directed below. 


There are three components which must not be tuned by the criterion 
of maximum ringing time. First, it is not reasonable to tune antenna 
adjustments, when these are provided, with ringing time as a criterion. 
These should be adjusted by means of standing wave ratio indicators. The 
echo box, with an accessory probe and slot, can be used as a detector for 
this purpose (Sec. IIA. 6. 10). 
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Second, any other adjustments provided for varying the load imped- 
ance seen by the transmitter should not be set by reference to ringing 
time or by maximizing the transmitter output. Such adjustments are 
rarely provided in modern equipment. To maximize the transmitter 
power output in this way is to place the transmitter at its least stable 
operating point. Rather, maximum power should be avoided and spec- 
trum quality, stability, and lack of pulling should be used as a criterion. 
All these quantities can be checked by the echo box (Sec. IIA. 6.2). 


Third, the IF stages should not be tuned by use of an echo box signal 
unless it is known that the IF is not of the ''stagger tuned'' variety. To 
do so would reduce the receiver passband and thus improve the ringing 
time, but it would alter the radar from its design characteristics. The 
IF passband can be observed with an echo box, as described below. 


IIA.6.2 Measurement of Transmitter Frequency, Spectrum,and Pulse 
Length 


A radar transmitter can be thought of as an oscillator which is pulsed 
or turned on periodically for a short time interval. While this description 
does present a reasonable picture of the operation of a radar transmitter, 
it may lead to an erroneous concept of the actual character of the trans- 
mitter output. When an oscillator is turned on and off periodically, the 
resulting output is not a single frequency, but in reality is a band, or 
spectrum, of frequencies. The additional frequencies are side bands re- 
sulting from the pulse modulation of the oscillator. If the transmitter is 
amplitude-modulated by a nearly rectangular pulse, as it should be in 
the case of a radar transmitter, the spectrum should have roughly the 
outline of Figure IIA-9a, where the horizontal distance represents rela- 
tive frequency and the vertical distance represents the relative amount 
ef energy at that particular frequency. The greatest amount of energy 
in such a spectrum is contained in frequency components located at or 
near the center frequency. 


An echo box can respond only to a relatively narrow range of fre- 
quencies. In fact, a typical echo box has a bandwidth of approximately 50 
to 100 kc, regardless of the frequency band for which the box was designed. 
The band of frequencies which the radar generates is generally much wider 
than 100 kc; for example, the frequency spread of the large center lobe 
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of the spectrum of a radar having a 1/4-microsecond rectangular pulse 
(Cf. Fig. I1A-9a) measured to the minimum points on either side of the 
center frequency, is 8 mcs. Radars with longer pulses will have 
narrower spectra; however, in general, an echo box is canable of re- 
Sponding only to a narrow sample or slice of the spectrum. When an 
echo box is tuned for a maximum reading on the resonance indicator, the 
cavity has been adjusted so that it is sampling that portion of the spectrum 
which contains the greatest energy. In the case of Figure IIA-9a, the box 
is tuned to the peak of the central lobe. The frequency then indicated on 
the frequency dial or tuning chart is described as the radar transmitter 
frequency. At this frequency, the greatest amount of energy is being 
generated, but it can be seen that this measurement alone does not give 
complete information. Additional information can be gained by graphing 
the entire side-band distribution. 


To obtain a plot o the transmitter spectrum, tune the echo box slowly 
through the spectrum and record the meter readings at convenient inter- 
vals on the tuning dial. A convenient interval will be found to be one tenth 
to five tenths of a mcs or, on most echo boxes, one to five of the 


least-count units of the diel. A graph can be constructed by plotting the 
meter readings against the dial settings. fne graph obtained should resem- 
ble one of those shown in Figure IIA-%. With a little practice, a bad spec- 


trum can be recognized without recording or plotting the readings. The 
possibility of a second large peak, considerably removed from the first 
one, must not be overlooked. 


In general, a good radar spectrum will look like Figure IIA-9a. The 
pattern is symmetrical; there are deep minimum points on either side of 
the tall main lobe; and succeeding side lobes are progressively smaller. 
An unsymmetrical spectrum or one without deep minimum points indicates 
ti.at the transmitter is changing frequency during the pulse; that is, it is 
frequency modulated. In general, some degree of frequency modulation 
is unavoidable with magnetron-type transmitters, particularly with the 
longer pulse lengths, and is not a sign of trouble. A high degree of fre- 
quency modulation, resulting in a very irregular spectrum such as Fig- 
ure IA-9d, requires investigation. Instability of transmitter output, in- 
dicated by fluctuation in echo box meter readings even when tuned to the 
peak of the spectrum, indicates trouble. Similarly, the existence of two 
distinct large lobes is an indication that the transmitter is not operating 
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on the same frequency band on every modulator pulse or, perhaps, is 
suddenly changing frequency during the pulse. 


If the transmitter spectrum resembles Figure IIA-9a, the length of 
the transmitter RF pulse can easily be calculated from the graph by 
determining the number of mcs between the first two minimum 
points on either side of the main lobe. The pulse length is given by 
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where T is the RF pulse length in microseconds (measured at half its am- 
plitude) and Af is the number of mcs between the minimum points 

of the transmitter spectrum. This relation is strictly true only for a 
rectangular pulse and no frequency modulation; however, its accuracy 
has been investigated for a variety of shapes of pulses and has been found 
to be quite good (Ref. 1, p. 48 ff). 


IIA.6.3 Measurement of Receiver Passband 


To measure the receiver passband, the local oscillator must be cali- 
brated in frequency. To measure the local oscillator frequency,the echo 
box is connected to the radar by a directional coupler, just as in the 
measurement of ringing time. An arbitrary scale is placed on the re- 
flector voltage control of the local oscillator or on any other vernier 
oscillator frequency control which is provided. With the echo box tuned to an 
arbitrary frequency within the transmitter spectrum, the local oscillator is 
carefully tuned for maximum ringing time. For accuracy, reduce the 
gain to reduce noise and place a mark on the A-scope as descrived in Sec- 
tion IIA.6.1. The frequency of the echo box is then changed and again the 
local oscillator is tuned for maximum ringing time. By taking about ten 
different readings, a plot can be made of the local oscillator dial setting 
against frequency. Each reading obtained differs from the true local os- 
cillator frequency by the receiver IF; the true frequency is found in each 
case either by adding or by subtracting the IF frequency from the reading, 
depending on whether the local oscillator is tuned below or above the 
radar transmitter. 


To measure the receiver passband, the box is tuned to the peak of 
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the radar spectrum, the gain is reduced to eliminate noise, and the local 
oscillator is tuned manually for maximum ringing time. The local os- 
cillator is then detuned first to one side, then to the other, until the ring- 
ing time is reduced in each case by an amount equivalent to three decibels. 
The two local oscillator dial readings corresponding to the 3 db points are 
recorded and are converted into frequencies. The difference between 
these frequencies is the receiver passband. 


Since a change in ringing time corresponding to 3 db is small, the ring- 
ing time must be read very carefully. The gain should be reduced and 
marks placed on the A-scope to help the operator make this measure- 
ment. Figure IIA-8c shows a way of marking the scope so a sinall change 
in ringing time can be measured accurately. 


The change in ringing time corresponding to three decibels should be 
found by reference to the echo box instruction manual. Some typical values 
are given below (Ref. 1). 


Echo Box Type Yards per Three db 
TS-270/UP 270 
OBU-1, OBU-2 210 
OBU-3 240 
TS-275/UP 150 
TS-218A/UP 180 


The shape of the receiver passband can also be determined if desired. 


ITA.6.4 Determination of Transmitter Pulling 


With the radar antenna rotating and the echo box connected to the 
radar system, the ringing time is observed. If the ringing time changes 
as the antenna rotates, pulling is indicated. Azimuths at which the ring- 
ing time changes may be noted, and frequency measurement may be made 
on 'ne transmitter with the antenna stopped at these azimuths to verify 
that frequency pulling is present. A change in echo box meter reading 
at the azimuths in question is also indicative of pulling. The change of 
frequency at various antenna azimuths may be caused by a defective 
rotating joint or by a refiecting surface near the antenna. 
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I[A.6.5 Discovering and Localizing Erratic Operation. 


Erratic operation is of particular interest because it can be a clue 
to troubles which are developing but which have not yet caused a com- 
plete failure. Erratic operation is of special interest with MTI radars, 
because MTI operation is quite dependent on the identical functioning of 
the radar on successive pulse cycles. Erratic operation is well shown 
on MTI radars by the failure of the decay portion of the ringing time to 
"cancel", 


This test is best performed with the antenna stopped, and with the 
aid of an A-scope. The echo box tuning control is adjusted for maximum 
meter reading and the gain is reduced to eliminate noise. The ringing 
time indicated on the A-scope should be reasonably steady. Marked 
fluctuation, particularly the appearance of two or more ringing times 
apparently simultaneously, or the appearance of extra traces or noise 
in the ringing pattern is an indication of erratic operation in either the 
transmitter or the receiver, or both. If the echo box is tuned correctly 
to the center of the transmitter spectrum, the echo box meter should show 
little, if any, fluctuation. Considerable movement of the meter needle 
almost certainly indicates an erratic transmitter. However, the radar 
can be erratic and, due to the damping of the echo box meter no fluc- 
tuation may be seen. If no such movement exists, the echo box should 
be detuned slightly until the meter reading just begins to decrease; slight 
fluctuation may then be evident even ina properly operating transmitter. 
If the fluctuation is violent, transmitter, waveguide, rotating joint, or 
antenna trouble is indicated. A graph of the spectrum may be made as 
outlined in Section IIA. 6.2 if two distinct modes of transmitter operation 
are suspected. A very useful method is to connect an oscilloscope across 
the echo box crystal, after having disconnected the meter and the con- 
denser. The ringing time can then be observed on the oscilloscope, and 
any fluctuation is certainly caused by improper transmitter operation, 
since the radar receiver is not in this circuit. 


IiA.6.6 Measurement of Transmitter Output Power 


The echo box output meter reading is very roughly proportional to 
the output power. By observing the meter reading and knowing the meter 
readings of previous tests, the relative power output of the radar can 
be estimated. A low meter reading accompanied by a low ringing time 
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indicates low power output. Low ringing time without low meter read- 
ing indicates trouble in the receiver. This measurement is not accurate, 
since meter readings for constant input power usually vary with frequency 
by about a factor of two over the tuning range of the echo box, and can be 
relied upon only to the extent of a day-to-day comparison at the same 
transmitter frequency. A different echo box or a different crystal in the 
same echo box will also, in most cases, produce a different reading. A 
case of spectrum trouble is also likely to cause a considerable difference 
in meter reading, perhaps out of proportion to the seriousness of the de- 
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NA.6.7 Examination of the Automatic Frequency Control 
Se ee 


If the transmitter is changing frequency with antenna rotation, the 
echo box can be used to determine whether the local oscillator is follow- 
ing the transmitter. The antenna is first placed on an azimuth where 
the ringing time is reduced due to transmitter pulling and the echo box 
is retuned. The antenna is then rotated, and if the ringing time on the 
azimuth where the echo box was retuned is longer than at other azimuths, 
the automatic frequency control is in operation. 


To determine whether the automatic frequency control is locked on 
the proper frequency, the antenna is stopped and the echo box is tuned 
for maximum meter reading. The automatic frequency control switch 
is then turned off and the local oscillator frequency is adjusted for maxi- 
mum ringing time. If the ringing time decreases at all when the auto- 
matic frequency control switch is turned on again, the automatic fre- 
quency control is not working properly. 


ITA.6.8 Measurement of TR Recovery Time 


The TR recovery time can be measured by use of an echo box. This 
measurement is performed by turning down the gain of the radar receiver 
until the slope of the ringing time curve on an A-scope changes (Fig. 
TIA-10). The range at which the change occurs is the end of the TR re- 
covery time. 


I1A.6.9 Measurement of Receiver Recovery Time 
ee ee 


This measurement is performed first adjusting the echo box for maxi- 
mum output meter reading and then detuning the echo box and increasing 
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TR Recovery 1. 
Time ‘ 


FIG. Il A- 10 CHECKING TR RECOVERY TIME ON 
AN A- SCOPE 


the receiver gain until a pattern similar to that of Figure IIA-1la is ob- 
tained. On retuning the echo box, a pattern similar to that of Figure 
IIA-1llb is obtained. If the noise reappears immediately after the pulse, 
and is not diminished in amplitude, then the receiver recovery time is 
normal. If the noise amplitude increases slowly rather than remaining 
constant after the end of the ringing time, receiver recovery time is 
slow. This slowness is usually due to a defect in the video amplifier 
and makes the radar more susceptible to enemy jamming. 


IIA.6.10 Measurement of the Standing Wave Ratio 


If a slotted section is provided in the radar waveguide, the echo box 
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a. Echo Box Detuned A SCOPE b. Echo Box Tuned 


a.Echo Box Detuned PPI SCOPE b. Echo Box Tuned 
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can be used as a satisfactory standing wave instrument. An adjustable 
RF probe is required as an accessory. Such a probe is provided in at 
least one echo box kit (AN/UPM-7). The echo box meter is read at 
the peak and at the trougi: of the standing wave pattern. The square 
root of this ratio is the approximate voltage standing wave ratio. An 
echo box is more satisfactory for this purpose than a simple crystal 
and meter since the high Q cavity protects the crystal from burn-out. 
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IIB FACTORS AFFECTING CHOICE OF ECHO BOX 
IIB.1 Effect Of Ringing Time On Choice Of Echo Box 


Among the factors affecting the selection of a particular design of 
echo box, the ringing time is the most important single consideration. 
The ringing time is determined by the type of radar and the use to which 
the radar is put. Two factors determine the minimumpermissible ring- 
ing time: the TR recovery time and the clutter. The ringing time must 
be longer than the TR recovery time and must be sufficiently long for 
the end of the ringing time to be clearly seen beyond the Penge of the ground 
clutter, although it may be possible to take advantage of "holes" in the 
clutter in order to measure ringing time. 


IIB.1.1 TR Recovery Time 


The loss in sensitivity caused by TR recovery usually extends to one 
mile or less if the TR tube is good and if the keep-alive current is not 
excessive. In radars employing TR tubes or pre-TR tubes (not ATR tubes) 
of the "bug" type, in which the discharge occupies the entire volume of 
the tube rather than taking place between electrodes, the recovery is pro- 
longed and may reach three miles. 


It is possible to eliminate clutter completely for the purpose of mak- 
ing ringing time measurements or other radar tests DY diSConne gin’ the 
radar antenna and substituting a dummy antenna, or "sand load''. This 
procedure may result in an appreciable shift in transmitter feegueues: 
due to the "pulling" effect of the changed load impedance on the radar 
magnetron (Sec. IIA.6.1). This difficulty can be overcome, if the radar 
is equipped with a tunable magnetron, by leaving the echo box connected 
and its frequency setting unchanged. Upon reconnecting the radar an- 
tenna, the magnetron frequency is changed until maximum ringing time 
is achieved, at which time the magnetron will be at its former frequency, 
and the radar will again be in tune. 


IIB. 1.2 Clutter 
IIB. 1.2.1 Antenna Height 


The height of the antenna influences the clutter observed, since 
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antenna height determines the distance to the horizon. The relation be- 
tween the antenna height and horizon distance is approximately 


d = J2h, 


where d is in statute miles and h is in feet. The formula assumes a 4/3 
radius earth; that is, the effect of atmospheric refraction is taken into 
consideration by assuming the radius of the earth to be multiplied by the 
factor 4/3, Increasing the height of the antenna not only increases the 
range of clutter, but also increases its intensity at all ranges (partic- 
ularly true for sea clutter). Large surrounding objects tend to reduce 
the clutter by interfering with the outgoing radiation and the radiation 
returned by ground reflections. In such cases, the required ringing 
may be less. On the other hand, the presence of nearby objects may 
cause weak false echoes because of multiple reflections. The false 
echoes usually do not cause sufficient clutter to interfere with ringing 
time measurements. It is usually helpful to point the antenna toward 

an interfering object if clutter is objectionable, provided the interfering 
object is farther away than the distance corresponding to the radar pulse 
length. 


NB.1.2,.2 Nature of Surrounding Objects 


Whether the antenna is located over land or over the sea is impor- 
tant. Clutter is less objectionable at sea, but varies with the condition 
of the water. Smooth water reflects the radar beam almost entirely in 
the forward direction, with negligible backscatter. In rough water the 
backscattering return will create noticeable clutter. Sea clutter is dis- 
tinctly less in the down-wind direction than in any other. 


NIB.1.2.3 Antenna Azimuth 


For a permanently installed radar, or for a specified location, the 
clutter depends upon the azimuth of the radar antenna, since the charac- 
teristics of the terrain may differ in different directions. When testing 
the radar with an echo box, it is convenient to choose an antenna azimuth 
for which the clutter is minimum. Hence, it is the extent of clutter in 
the direction of minimum clutter which determines the required ringing 
time. 
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IIB. 1.2.4 Antenna Elevation Angle 


The extent and intensity of clutter is also affected by the antenna 
elevation. Elevation of the antenna directs the beam away from the 
earth's surface and the clutter is greatly reduced. Where the antenna 
cannot be elevated, it may prove useful, in some cases, to elevate the 
antenna beam by using a reflector made of wire mesh or meter foil on 
cardboard. The reflector should intercept and deflect the whole of the 
beam. This scheme is practical only for the small and accessible an- 
tenna whose beam is small in the region of the antenna. Such a practice, 
however, may tend to alter the frequency of the transmitter output. In. 
cases where the antenna cannot be elevated sufficiently, it may be pos- 
sible to reduce the maximum range at which clutter is seen by depress- 
ing the antenna so that the beam illuminates the nearby earth strongly, 
leaving clutter-producing objects at greater ranges illuminated weakly 
or not at all. This expedient is useful, of course, only for radars with 
a beam which is narrow in the vertical plane, such as a ''pencil beam" 
or a "beavertail" beam. 


TIB. 1.2.5 Antenna Beam Width and Gain 


Clutter is also dependent on antenna gain, in that increased antenna 
gain in the direction of a given interfering object produces increased echo 
strength from the object. This increase in clutter is offset to some ex- 
tent by the increased angular resolution which accompanies gain. 


IIB. 1.2.6 Pulse Length 


Radars with a wide beam and long transmitted pulse exhibit a more 
"solid" clutter than those with a narrower beam in azimuth and shorter 
pulse length; this is because the former radars lack the resolution in 
both range and azimuth which the latter possess. 


IIB. 1.2.7 Atmospheric Conditions 


Atmospheric conditions can affect the extent of clutter immensely. 
The phenomenon of refraction and "ducting", wherein occasional atmos- 
pheric conditions cause the radar beam to remain closer to the surface 
than usual, sometimes greatly increases the range at which surface 
objects are seen. 
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IIB. 1.2.8 Purpose of Radar 


‘Radars used for various purposes possess various characteristics, 
and the type of clutter varies. Airborne radars usually have low antenna 
gain and high frequency. The ground clutter persists to about one-to-two 
miles when the plane is on the ground. Ground tests are usually made 
in clear areas of flat country. The antenna may be elevated because of 
the position of the plane on the ground. The requirements for echo boxes 
in such cases call for a minimum ringing time corresponding to about 2 
miles. 


Shipborne radar employs larger antennas, the size varying from 
small to medium. The frequency used varies, surface search being of 
higher frequency than air search. The height of the antenna varies ac- 
cording to the size of the ship, being over 100 feet in some cases. Sea 
clutter is much less pronounced than land clutter, especially in smooth 
seas. For surface search, an echo box will require about three miles 
ringing if measurements are to be made in fairly rough sea conditions. 
During calm days, sea clutter may extend to only about 1/4 mile. The 
ringing time needed for air search is somewhat longer than that for sur- 
face search. 


Clutter in land based radar usually varies between 5 and 30 miles. 
Flat country presents less clutter than rough terrain. However, rough 
terrain produces the possibility that, at some azimuths, a nearby ob- 
stacle will block distant echoes. The echo box requirements for land 
based radar call for long ringing times to.cover the long -persisting 
clutter. 


IIB. 1.2.9 Clutter Measurements 


Clutter observations were made at the Willow Run Research Center 
on the AN/CPS-5 and AN/FPS-3 radars. The center of the CPS-5 an- 
tenna was 45 feet above the ground, that of the FPS-3, 55 feet. The 
horizon distance of these radars are 9.5 and 10 statute miles, respec- 
tively. (In both cases these radars had been modified by the addition 
of an improvised ten-foot tower extension). The observed range of 
ground clutter for these two radars is tabulated below. In each case 
two clutter readings were made, the first at the azimuth in which clutter 
was at a maximum, the second at the azimuth where clutter was least. 
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Rad Range of Range of Antenna 
ye Maximum Clutter Minimum Clutter Elevation 
AN/FPS-3 nasTiiak fg? 
Lower beam 30n.m. 15 n.m. 1 1/4 degrees 
Upper beam 16 n.m. 8 n.m. - 8 1/2 degrees 
AN/CPS-5 10 n.m.- a 6n.m. . -1 1/4 degrees 


These radars were located adjacent to one another in a moderately wooded 
region. The surrounding area was quite flat except for a range of “low 
hills tangent to a circle of 6 miles radius about the radars. 


Clutter is worst when the ground rises gradually on all sides of the 
radar, and the horizon is far away. For example, it has béen reported 
that in San Francisco Bay the OBU type of echo box is not usable with those 
shipborne radars whose antennas cannot be elevated. The ringing time of 
this echo box is typically between 6000 and 7000 yards. Inside Pearl 
Harbor this echo box is useable with these radars, only with difficulty. 

At Boston, Norfolk, Brooklyn, Portsmouth,and New London, these echo 
boxes have adequate ringing time. 


IIB. 1.3 Other Ringing Time Considerations 


Another method for estimating the ringing time is useful under con- 
ditions in which the end of the ringing time appears in echoes of moderate 
strength. The azimuth of least clutter is selected. The echo box is tuned 
to the peak of the spectrum, then tuned slowly back and forth across this 
peak. The slow tuning causes the phase of the echo box signal to shift 
relative to that of the interfering echo, on successive pulse cycles. Since 
the echo box signal adds vectorially. to the target echoes, the target echoes 
"flutter"; that is, they look like a moving target on an MTI radar before 
cancellation. Thus, the presence of ringing time can be detected in heavy 
clutter. This method is a more sensitive test for the presence of ringing 
than is the usual process of measuring to the range at which ringing dis- 
appears into noise, and an allowance for this increased sensitivity should 
be made. (This test has had only limited trial). 


Because the usefulness of an echo box generally increases with an 
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extension of ringing time, it may be thought that it is possible to design 
an echo box which has a sufficiently long ringing time for use on any 


radar within its designated tuning range. There is absolutely no re- 


course but ge) wes the cavity physically larger, if langer ringing time 
is to be obt ventional However, the larger the box 


is made, the more unwieldy and heavy it becomes, and if it is not made 

a permanent part of its associated radar, there is an increasing likelihood 
that it will not be removed from its place of storage and put touse. A 
large echo box, required for a large radar with heavy ground clutter, 

may become a burden with a small radar which does not require as much 
ringing time. 


In general then, the echo box should be designed so that it provides 
the anticipated minimum of ringing time required to provide successful 
readings on the radar or radars with which it is to be used. There is, 
therefore, practical need for more than one echo box in a given frequen- 
cy band. 


1IB.2 Effect of Frequency on Choice of Echo Box 


Another important factor in determining the type of echo box re- 
quired is the frequency band in which the box is to operate. At very low 
radar frequencies (50 - 500 mcs), where the cavity type of echo box be- 
comes so large as to be practically out of the question, coaxial-line . 
cavities or other unusual types of construction must be used. At the other 
end of the radar spectrum, it is difficult to obtain sufficient ringing time 
without interference from undesired modes and, in the region from 16, 000 
mcs up, the problem of designing a satisfactor&ly tuned echo box has yet to 
be completely solved. 


IftB.3 Other Factors Affecting Choice of Echo Box 


Many other considerations confront the designer; some of the more 
important ones are: method of tuning indication, method of tuning (man- 
ual or remote motor-tuned), the means by which the echo box is coupled 
to the radar (which may determine whether the box can be located below 
in the radar room and tuned manually, or must be located near the an- 
tenna with tuning and tuning indication accomplished remotely), weather 
conditions to which the box must be subjected, the allowable variation in 
ringing time over the tuning band, the tuning band itself, the accuracy 
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with which frequency must be measured by use of the box, and mechan- 
ical requirements as to shock and vibration. 


Some echo boxes have given poor performance in the field because 
of unsatisfactory mechanical design or inadequate original specification. 
If the intended use of the box is detailed in the specifications, it will assist 
the designer greatly in producing a satisfactory design. It is important 
from the standpoint of economy not to specify more ringing time than is 
actually needed, because the cost of an echo box rises rapidly with in- 
creased ringing time. 
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IIc ECHO BOX TECHNIQUES COMPARED WITH OTHER RADAR 
TESTING METHODS 


The tests described in Section IIA can also be performed with the 
aid of other types of test equipment frequently supplied with radars. RF 
signal generators, power meters, spectrum analyzers, and standing- 
wave ratio indicators are becoming more common in the field as the man- 
ufacturers and users of radar equipment realize the necessity for ade- 
quate maintenance. The maintenance man must sometimes make a 
choice between an echo box and a more specialized test set. 


The choice of a method for making a particular test must be based 
ultimately on the circumstances immediately at hand. A set of rules can- 
not be devised which will cover all the possible situations to be found in 
the field. It is possible, however, to make comparisons of a general 
nature. 


TIC. 1 Radar Performance Measurements 


Signal generators and power meters, ora single instrument com- 
bining the two, are frequently used to measure over-all radar perform- 
ance. It has been found that many technicians believe that these in- 
struments give a more accurate result than does the echo box. Whether 
this is true or not depends entirely on the particular instruments involved, 
and how expertly they are employed. There is no justification for attri- 
buting a higher inherent accuracy to the signal generator type of instru- 
ment when used to measure over-all radar performance, despite its 
greater complexity and more imposing appearance. 


Among the disadvantages of the signal generator-power meter, com- 
pared to the echo box, for measuring radar performance are: 


1, It is,in general, a much more complex, heavy, and delicate in- 
strument, and requires an auxiliary source of power. It is there- 
fore harder to use, especially in exposed or inconvenient loca- 
tions, and is likely to need considerable maintenance. 


2. Its accuracy depends on a calibration which is difficult or impos - 
sible to perform in the field. Need for recalibration may not be 

apparent to the user, resulting in measurements that may be con- 
siderably in error. 
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3. Most field-type signal generators cannot produce an RF pulse 
whose power is known accurately, even when the instrument is in 
normal operating condition. This inaccuracy is due to inherent 
limitations in present-day techniques for monitoring signal gener- 
ator output power. 


4. It cannot be used to examine the transmitter spectrum. 

5. The power meter is a broad-band device, and therefore cannot be 
used to detect transmitter difficulties such as double-frequency 
operation, which may radically affect radar performance without 
appreciably changing the total generated power. 


On the other hand,the signal generator-power meter type of instru- 
ment has certain advantages over the echo box, such as: 


1. It measures radar transmitter and receiver performance separately, 
and thus can more quickly isolate difficulties in one or the other. 
Loss of radar performance is most likely to occur in the receiver. 
The technician using a signal generator can measure receiver sen- 
sitivity without having to turn on the transmitter, which enables 
him to service this component in the absence of a transmitter (e.g., 
on the maintenance bench), or during radar silence. 


2. It can measure transmitter power accurately, whereas the echo 
box cannot. 


3. The results of the measurements are read directly from dials or 
meters on the instrument, and there is less dependence on the 
more difficult techniques involved in measuring and interpreting 
scope patterns. 


4. A signal generator can be used on all radars within its frequency 
range, whereas the echo box is limited to radars on which ringing 
time sufficient to extend past permanent clutter can be obtained. 


IIC.2 Transmitter Spectrum Measurements 


There is very little justification for including a spectrum analyzer 
among items of field test equipment, if it is to be used only for observing 
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the shape of the transmitter spectrum. It is a very complex piece of 
equipment which is difficult to operate, and the picture it presents re- 

quires considerable skillful interpretation on the part of the observer. 

The spectrum analyzer has great value as a laboratory instrument; but, 
for purposes of measuring transmitter spectra in the field, the echo box 
can be recommended as a device which is not only vastly less complex, 
but also much easier to use. 
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CHAPTER Il 


DESIGN 


WIA RESONANT CAVITIES 


IIA.1 General Properties of Resonant Cavities 


A resonant cavity is any volume filled with dielectric and bounded by 
an electrically conducting surface. The shape of the boundary surface is 
the chief factor which determines the properties of the cavity. The di- 
electric may be solid, liquid, gaseous, or vacuum. In the cases to be 
considered, the dielectric is always air which, for practical purposes, 
~ can be treated as a vacuum. Henceforth, the cavity is treated as though 
it were empty unless otherwise specified. 


If a cavity is excited with a pulse of energy at a frequency at which 
the cavity is resonant, the energy introduced into the cavity produces 
oscillations which decay exponentially after the end of the pulse as the 
energy leaves the cavity through openings in the surface and is dissipated 
in the cavity walls. In this respect, the resonant cavity behaves like a 
parallel resonant inductance-capacitance (LC) circuit with resistive losses; 
in fact, for purposes of analysis, it is often convenient to think of the 
cavity as a resonant inductance-resistance-capacitance (LRC) circuit. 
Equivalent circuits for cavity resonators are discussed in more detail 
in Appendix II. 


A cavity can resonate at an infinite number of frequencies, and each 
resonance is associated with a particular standing wave pattern (''mode") 
of the electromagnetic fields within the cavity. If two or more different 
modes have the same frequency of oscillation, they are termed ''degen- 
erate'' modes. Cavity modes are divisible, in certain cases, into two 


categories, transverse electric (TE) and transverse magnetic (TM) For 
TE modes, the electric field is transver i i 
the cavity while for the TM modes, the magnetic field is transverse to the 


cavity axis. Modes existing in the rectangular prism cavity, the cylindrical 
cavity, and the coaxial cavity can be divided into TE and TM modes. 

For the latter two cavities, the axis is the cylinder axis, while in the 

case of the rectangular cavity, any direction normal to one of the 
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surfaces can serve as the axial direction; usually the longest dimension 
is selected. 


When a cavity is excited, the mode or modes in which it oscillates 
are determined in part by the manner of excitation. The frequency of 
each mode is determined by the boundary conditions, and may be altered 
by a change in position of the boundary. If more than one mode is excited, 
the resonant cavity, from the equivalent circuit standpoint, can be re- 
garded as a group of LRC circuits coupled together. 


To be of the greatest use, a resonant cavity must be analyzed math- 
ematically and the frequency and field configurations of its modes must ~~: 
be determined. This analysis cannot be carried out except for certain 
simple shapes, such as the sphere, rectangular prism, right circular 
cylinder, and coaxial cylinder. Expressions for the fields inside such 
resonant cavities are derived in such works as References 3,727, and 
23. 


At some location on the surface, there must be an opening through 
which energy is coupled into and removed from. the cavity. Although 
most cavities for echo box use have another opening for coupling energy 
to a resonance indicator, it is the input opening which is of greater im- 
portance in determining the electrical behavior of the cavity. In terms 
of electrical properties, the cavity behavior is completely specified by 
three quantities: the Q or quality factor, the resonant frequency, and 
the shunt resistance. In general, any cavity will have an infinite number 
of modes of oscillation, each with its own resonant frequency, Q factor, 
‘and shunt resistance, 


The Q of a cavity is a quantity analogous to the Q used to describe 
low frequency LRC circuits. In fact, it is one of the few quantities used 
in low frequency work which can be carried over to microwave technique 
without serious modifications or limitations. The Q for a resonant cavity 
is defined as the ratio of the energy stored in the cavity to the energy 
dissipated per radian, or 
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i is the resonant frequency 


W is the energy stored in the cavity 


P. is the power dissipated (or otherwise lost) from the cavity. 


Alternatively, Q may be defined as 


where f and i, are the half power frequencies of the cavity passband. 


As in the low frequency case, these two definitions are equivalent. The 
Q's for resonant cavities are quite high (in contrast with the low fre- 
quency case), typical values of Q for echo box cavities being between 

20, 000 and 200,000. The shunt resistance is an indication of the elec- 
tric or magnetic field which must be maintained at some point or points 
to maintain the energy in the cavity at a certain level. Frequency and 

Q are important in the design of echo boxes. Shunt resistance, however, 
is not used. 


INA.2 Conductivity Effects 


Cavities are constructed of a metal such as aluminum or brass which 
provides the necessary structural strength, while still being economical. 
To give cavities the required electrical characteristics, their interior 
surfaces are coated with a material of hign conductivity, usually silver. 
This coating increases the cavity Q and hence the ringing time. The con- 
ductivity of the inner surface determines the depth of penetration of the 
wall currents; this, inturn, affects the cavity Q, since Q is inversely 
proportional to the skin depth. Skin depth and resistivity are related by 
the equation 
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the skin depth in cm 
p = resistivity in ohm - cm 
f = frequency in mcs 


Therefore, Q is inversely proportional to the square root of the resis- 
tivity. Larger values of resistivity mean greater depth of penetration 
of the wall currents and lower Q. 


A few common metals and their relative resistivities are listed in 
Table HilA-1. The relative Q that a cavity would have if constructed of, 
or plated with, the indicated metal is given in the third column of this 


table, 
TABLE ITA-1 
Relative Resistivity and Q of Various Metals 
Metal Relative resistivity Relative Q 

Silver - 94 1,03 
Copper 1,00 1,00 
Gold 1.42 . 84 
Aluminum 1. 64 .78 
Brass 4.34 48 


Cavities plated with silver possess the highest value of Q. Ideally, 
a cavity constructed of brass has its Q doubled by silver plating. Whether 
the Q is increased to the extent indicated in the table depends on the qual- 
ity of the plating (Chapter IV). 


ilIA.3 Tuning of Cavities 


The resonant frequency of a cavity operating in a specified mode is 
determined by the cavity size and shape. The frequency can be changed 
ny altering one or both of these factors. This fact is used advantageously 
in the tuning of resonant cavities. The way in which the resonant fre- 
quency changes can be understood qualitatively from the following rule: 
if a cavity wall-is pressed inward where the magnetic field predominates, 
the resonant frequency is increased; if the electric field predominates 
in this region, the resonant frequency decreases. If the wall is moved 
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outward, the situation is reversed. Resonant cavities, therefore, are 
tuned by movement of one of the walls, or by movement of a rod project- 
ing into the cavity. Convenient ways of tuning a cavity depend upon the 
shape of the cavity and upon the particular mode excited. 


In some cases, a cavity used as an echo box is not tunable, but is 
constructed so that it will support many modes within the frequency range 
of interest. While the tuned cavity is designed insofar as possible to 
oscillate in only one mode, the untuned cavity is so designed that as 
many modes as possible are excited. Hence, as the exciting frequency 
changes, different modes are excited, and the cavity remains resonant. 
The untuned cavity has found some application, but cannot provide as : 
much information on radar performance as can the tuned cavity (Ch. VI). 


ITIA.4 Principle of Similitude 


The principle of similitude (or scaling), which is important in cavity 
design, can be stated as follows: If the dimensions of a cavity are multi- 
plied by the factor k, the resonant frequency changes by the factor 1/k, 
provided the resistivity of the walls is also changed by 1/k. If the Q of 
a cavity is extremely high, as is the case with echo boxes, the statement 
is approximately true even if the condition on the resistivity is omitted, 
which results ina more practical form of the principle. By this prin- 
ciple, new cavities of different dimensions can be built similar in shape 
to existing cavities of known characteristics, and the resulting charac- 
teristics of the new cavity can be predicted accurately. The Q of the 
cavity will not be invariant under this scaling process, however. The 
manner in which the Q will vary, for the case of the right circular cy- 
lindrical cavity, can be found as follows: The ''mode shape factor" (MS) 


‘e) 
is defined as ae (Sec. IJIB.3). For this cavity, 


8 D D 
Q 5 F (?) = a function of the ratios (App. III. 2) 


where 

= cavity diameter 

= cavity length 

free space resonant wavelength 
‘= skin depth. 


it 


aor ry 
' 
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D 
The quantities D and L appear only in the form of the ratio L° If the 


cavity dimensions are altered by a factor K, 


This shows that the mode shape factor is not changed by scaling. How- 


ever, irs wd, hence 


BO 
x 


Q5d 


If ae is constant, it follows that 


oe 
ye 
« Jr 


The free-space wavelength ina cavity is proportional to the linear dimen- 
sions of the cavity;i.e., A « K. Hence, Q « “VK. Thus, as the 
cavity is scalec by a factor K, the Q will vary as 7/K. 


The way in which the ringing time varies with the scaling factor K 
must aiso be considered, since the ringing time is of chief concern. Rin-- 


ing time of a cavity is proportional to the ratio a . However, since 


and 


it follows that 


where ie is the ringing time. If the cavity is scaled larger, the ringing 


time increases; if it is scaled downward, the ringing time decreases. 
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IIA.5 Cavity Shapes 


A closed cavity of any shape having conducting walls can be made 
to resonate at an infinite number of discrete frequencies. In designing 
an echo box, the modes and resonant frequencies must be known. How- 
ever, they can be predicted mathematically for only a few simple shapes. 
In this section, the most commonly used shapes and their modes are de- 
scribed. 


WIA.5.1 Right Rectangular Prism Cavity 


For this cavity, the resonant frequency is given by 


O-@-O 


where A, B and C are the cavity dimensions, c is the speed of light, and 

» m, and n define the modes. Physically, 2, m, and n indicate the num- 
ber of half period sinusoidal variations of the field within the cavity along 
the dimensions A, B, and C, respectively. The formula does not dis- 


tinguish between the TE and TM modes; hence, the TE and TM 
£mn émn 


modes have the same resonant frequency. It is apparent that not more 
than one of the subscripts may have the value zero for any one mode. 


Not only has every TE mode a companion degenerate TM mode, but 
in addition if A = B =C, there is a twelvefold degeneracy. The follow- 
ing modes are degenerate: 


see car an émn 
aE pe ay 
seer y aay 
TE ae aur, 
aE ‘he ae 
ae rey a 
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If only two of the dimensions are equal, there is a fourfold rather than 
an elevenfold degeneracy. This cavity has limited interest in echo box 
design, since only untuned echo boxes have this particular shape. 


INA.5.2 Spherica! Cavity 


The spherical cavity is of interest from an academic standpoint since 
it is a cavity for which a solution of the field equations may be obtained. 
From a practical standpoint, however, the spherical cavity is of little 
use, being difficult to build and to tune. 


Although the Q of even simply-shaped cavities is given by rather com- 
plex mathematical functions, Q is, as a first approximation, proportional 
to V/A where V is the cavity volume and A is the area of the interior sur- 
face. It would appear, then, that the spherical cavity yields higher Q's 
than other cavities, for equal volume. ‘This approximation also indicates 
that cavities with re-entrant portions exhibit a lower Q. 


INA.5.3 Cylindrical Cavity 


The most widely used cavity for echo box design is the cylindrical 


cavity. Practical echo boxes have been confined almost exclusively 
to this shape, mainly because these cavities are easier to manu- 
facture than other types and because it is easy to tune these cavities by 
moving one of the end plates. The cylindrical cavity possesses modes 
with high Q, and the properties of the cavity such as the field configura- 
tions, wall currents, and Q's can be obtained analytically. 


Expressions for E and H for the different modes are given in Ap- 
pendixAIII.1. These expressions contain Bessel functions, and sine and 
cosine functions. The modes are designated by thesubscriptsZ, m, n, 
where £ is the order of the Bessel function, and m is the number of the 
zero of the Bessel function. In terms of the electromagnetic field quanti- 
ties, £ is the number of cycles of variation of Pe or i in the @ direction, 
m is the number of times EG or Hy is zero in the radial direction (ex- 
cluding a zero on the cylinder axis), while n is the number of half-period 
variations of E or ay in the axial direction. In the above notation, the 


subscript p refers to the direction radially outward from the cavity axis, 
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and, when attached to E or H, refers only to that component of the E or 
H field which is directed in the radial direction. The subscript 9 is an 
angle measured about the cylinder axis from an arbitrary radius (in the 
case of the circular cylinder), and when attached to E or H refers only 
to those components of E or H which are directed circularly about the 
cylinder axis. The subscript z is the distance measured from a refer- 
ence plane (usually the end of the cavity) along the axial direction, H 


and E_ are, of course, the z-directed components of the H and E fields, 
respectively. Figure IIIA-1 illustrates this notation. As an example 


Point located within cavity 
at of coordinates ( 0, 6,Z ) 


FIG. Ill A- 1 GEOMETRY OF THE CYLINDRICAL CAVITY 


of cylindrical cavity modes, consider the TE mode shown in Figure 


21 
WIC-3g. The figure represents the density and direction of current in the 
end plate of a circular cylindrical cavity operating in a TE, mode (the 


third subscript would be meaningless here since it refers only to varia- 

tions in the axial direction). The first subscript, 2, refers to the num- 

ber of cycles of variation of E_ in the 6 direction. Starting at an arbi- 
p : 


trary radius and examining the magnitude and direction of the radial com- 
ponent of current as 9 is varied, it can be seen that this current component 
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varies through two complete cycles in 360°, Similarly, examination of 
the 8 component of current along a radius including one of the outer nodes 
(light areas) shows that two points of zero current are traversed, one at 
the cylinder axis and one at the periphery. Since a zero at the cylinder 
axis is not counted, the second subscript will thus be 1. It should be 
noted here that the current streamlines in the end plates depict the E 
lines in the case of the TE modes. In the case of the TM modes the cur- 
rent streamlines depict the projection of the E lines on the cavity end 
plate. 


The resonant frequency of a particular mode is given by: 


where 
D = diameter of cavity 
L = length of cavity 


l bon = mth root of the Bessel function of order £ in the case of 
TM modes, i.e., the mth root of Jy (x) = 0 


r Ge. = mth root of the derivative of the Bessel function of order 2 
for TE modes, i.e., the méé root of Jp (x) = 


c = speed of light 


A special case for TM modes occurs when n = 0. In this case the 
electric field has no transverse component, the electric lines being en- 
tirely in the axial direction. The resonant frequency does not depend 
upon the cavity length and the end plates may be moved without altering 
the resonant frequency, which is given by: 


cr 
lm 


f = 
£m0° 27 D 


That the resonant frequency should not change for this mode can also 
be anticipated from the rule relating the frequency change to the relative 
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values of electric and magnetic field where the cavity wall is altered (Sec. 
MIA.3). The electric field, being purely axial, is necessarily the same 
for all cross-sections normal to the axis. Since the electric field is not 
a function of position along the axis, neither can the magnetic field be, 
because of the way these two quantities are related. Hence, the over-all 
or average .magnetic field must have the same strength on any cross- 
section; likewise with the electric field. Therefore, on no cross-section 
can either predominate over the other. Moving one of the end plates nor- 
mal to the cylinder axis, therefore, cannot alter the resonant frequency. 
For TE modes, the value n = 0 is not permissible, because of the boundary 
conditions imposed on the electric vector. 


IIA.5.4 Coaxial Cavity 


The coaxial resonator, consisting of two coaxia! cylinders, has found 
use in echo boxes for low frequency radar, of the order of 500 mcs, 
since at these low frequencies the size of cylindrical cavities is prohibi- 
tively large, while the Q for such cavities would be far in excess of what 
is needed. For low frequency echo boxes, the coaxial cavity is of con- 
venient size and possesses sufficient Q to give adequate ringing time. 
Coaxial cavities have the additional advantage that the plunger movement 
needed to cover a given frequency band is less than that for the cylindrical 
cavity. 


The reduced size at a given frequency for the coaxial cavity is possible 
because of the existence of a type of mode which does not exist in cylindri- 
cal cavities. These modes, designated TEM modes, have the property 
that neither the E nor H fields have longitudinal components. The modes 
may be designated by the expression TEMoon where n, as before, is the 


number of half-period variations along the axial direction. On occasion, 
these modes have been designated TM gon' These modes have resonant 


frequencies which are independent of the radii of the inner and outer con- 


ductors and depend only on the the cavity length. 


In addition to the fundamental or TEM modes the coaxial cavity pos- 
sesses TE and TM modes analogous to the modes in the cylinder. The 
TEM) mode has, however, a lower resonant frequency than any other 


52 


é oe cn res ae ee 
WILLOW RUN RESEARCH CENTER ~ UNIVERSITY OF MICHIGAN 


UMM-119 


mode, and it is this factor which permits the coaxial cavity to be smaller 
than a cylindrical cavity for a given frequency. 


The resonant frequency of the coaxial cavity for TE and TM modes 
is given by 


an) 


2 2 
=e @) 
xD 
which is the same expression as the one for the cylindrical case, except 
here Tam is determined by the roots of the equation: 


jy (Nr , ) 


J, (r, ) 

= =f Ca = 0 for TM waves 
¥4 sy LN £m 

J! (r J (Nr ) 

- a . aa = 0 for TE waves 
tL “Lm L fm 


where J and Y are Bessel functions of the first and second kind, respec- 
tively, and N is the ratio of the diameter of the outer cylinder to that of 
the inner. For the TEM modes, the resonant frequency is 


cn 
f= 3L 


IMA.5.5 Hybrid Cavity 


The partial coaxial or hybrid cavity, which is intermediate between 
the coaxial cavity and the cylindrical cavity, has a central conductor which 
extends only partially into the cavity, as illustrated in Figure IIIA-2, 
When operated in the fundamental or TEM mode, the hybrid cavity can 
be regarded as a coaxial line short-circuited at one end and Open at the 
other. For resonance the central conductor must thus be approximately 
a quarter wavelength long. However, since the cavity is actually closed 
at both ends, there will be a capacitive effect at the open circuit end, the 
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oe Approx. A/4 


FIG. II] A-2 THE QUARTER-WAVE COAXIAL CAVITY 


capacitance being between the central conductor and the side walls. The 
cavity thus behaves as a capacitively-loaded coaxial line, and the length 
of the central conductor will not be exactly a quarter wave. 


The hybrid cavity has not been completely solved analytically, but 
limited analysis can be made by regarding the cavity as an LRC circuit 
and finding its equivalent inductance and capacitance. Also, the cavity 
may be treated (though with difficulty) by dividing the cavity into regions 
which have either the shape of the right circular cylinder, or of the full 
coaxial cavity, for which the solutions are known, The infinite series 
solutions obtained are matched at the boundaries (Ref. 4,5). 


The design of full and partial coaxial cavities is described more ex- 
tensively in Section ITI. F. 
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IIB MODE CHARTS FOR THE CYLINDRICAL CAVITY 
eee ENNIO AL CAVITY 
IIB.1 Construction of Mode Charts 


IIIB, 1,1 Equation for the Mode Lines 


The expression for the resonant. frequency of a cylindrical cavity 
given in the previous section is somewhat unwieldy. Its utility can be 
greatly increased if it is rewritten in the form. 


2 2 <2 
2 cr c 2/D 
D) = — — 
(f D) ( £m) (3) : & 
7 
This equation, in turn, can be written as 


a+ p?(2)" 
2 
A - (sm) 
Tv 
& 2 
=) 


2 
If particular values of Y brn and n are selected, a plot of (f D) versus 


(f D)* 
r 


where 


z 


2 
2 
D yields a straight line whose intercept on the (f D)~ axis is /~" 4m 
L ; r “os 


and whose slope is =) . Different values of ED ei and n give rise to 


different lines. A plot consisting of lines generated in this way is called 
a ''mode chart''. Examples of mode charts are shown in Figure IIIB-1 


and in the large charts in the pocket on the back cover of this report. 


55 
on feel ee ee Oe teeg oy mae “agence 


WILLOW RUN RESEARCH CENTER ~ UNIVERSITY OF MICHIGAN 


UMM-119 


FIG. tll B-1 SMALL PORTION OF A MODE CHART FOR A 
CIRCULAR CYLINDRICAL CAVITY 
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A mode chart reveals a great deal of information about the charac- 
teristics of a cylindrical cavity. Since the "y" intercept of the mode 


lines is determined by the value of T Om’ all TE modes which have the 


same £ and m value intercept the y axis at the same point. (A similar 
statement can be made about the TM modes). All modes with the same 
value for n have identical slopes. 4 


Mode lines which have common y intercepts are termed "families". 
These families are designated TE or ey ae For example, the family 


of lines which are of the TE type with 2 = 1 and m = 2 is called the oe 


family. It should be noted that the TE on and ee families are coin- 
cident; i.e., for a givenn, the TE. mode ana the TM mode are 
Omn Ilmn 


both represented by the same line on the mode chart. This degeneracy 
results from the fact that Jy (X) = “J, (X). Hence if a cylindrical cavity 


is resonant to one of the two modes it will also be resonant to the other. 
This fact is significant because cylindrical echo boxes are invariably de- 
signed to operate in the TE orn family. The presence of degenerate modes 


in echo boxes is undesirable and means must be found to suppress the © 


family. 
TM, In amily 


In constructing the mode charts appearing in this report it has been 
2 


, fD : : , 
found convenient to wea) as the ordinate because this quantity pro- 
10 


vides a more suitable scale. The equation actually graphed, therefore, is 
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is in mcs 


f 
r 


0 


and L are in inches 


0.34799 x 107° 


to 
TT 


> 
" 


20 2 
0.141034 x 10 x (in) for air at 25°C. and 60 per cent 


relative humidity 


In addition to the mode lines it is sometimes useful to include lines 


of Q f = a constant on the mode charts (Ref. 6). The construction and 
use of such lines is explained in Section IIIB. 3. 


I1IB.1.2 Construction of Expanded Sections of Mode Charts 
ee ee ee EOS. Sars 


Since there is an infinite number of modes, it is not possible to con- | 
struct a complete mode chart, and in any chart covering a large region 
the accuracy of reading is necessarily low. Therefore, it is generally 
necessary for the designer to construct his own mode chart covering in 
detail the region in which he is interested. The two points needed to de- 
termine the exact location of a particular mode line may be found by solv- 
ing Equation (1). 


Example: 


Suppose an echo box is being considered to operate in the Thou mode 


between the points of intersection of this mode with the TEA and the TE 


modes. his region is shown as a small rectangle in Figure IIIB-1, tis 


oF no impertance to the example that th’s region is not a wise choice. 


The coordinates of the intersection points of the modes in question 
are known only approximately from the chart; in order to find them ex- 
actly it is necessary to solve the equations for the mode Lines simultane- 
ously. The values for the quantities A and B for some of ths more common 
modes are given in Tables IIIB-1 and IITIB-2. If additional values are de- 
sired, they may be computed from the values of Bessel roots given in Table 
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TABLE IIIB-1 TABLE IIIB-2 


Intercepts of the Mode Families on the Ce \ Axis, in Order of Increasing Values Slopes of the Mode Lines 
10 
TE Modes TM Modes 
Mode a T ten A x 102° if Mode | ie ff a x 102° n slope (B wi 
TE 1, 84118 al 0.4781 =i T™ af 2.40483 r 0. 81563 1 0.34799 
ll 01 
TES) 3.05424 1.3156 T™),, 3.83171 2.0707 2 1.3920 
TE), 3.83171 2.0707 ™,, 5.1356 3.7197 3 3.1319 
TE, 4.20119 2.4893 TMy> 5.52008 4.2975 4 5.5678 
TE, 5.31755 3.9879 T,) 6.38016 5.7410 5 8.6998 
TE, 5.33144 4.0088 ™,, 7.01559 6.9415 6 12.528 
TE, 6.41562 5.8050 ™,, 7.58834 8.1212 7 17.052 
TE, 6.70613 6.3426 ™,, 8.41724 9.9923 8 22.271 
TE), 7.01559 6.9415 TM); 8.65373 10,5617 9 28. 187 
TE.) 7.50127 7.9359 T™,, 8.77148 10, 8511 10 34.799 
TE,, 8.01524 9.0606 T™,, 9.76102 13.4374 11 42,107 
TE), 8.53632 10.2770 TM, 9.93611 13.9238 12 50.111 
TEL) 8.57784 10.3772 ™,, 10. 17347 14.5971 13 58.810 
TE, 9.28240 12.1520 T™,, 11.0647 17.267 14 68.206 
TE.) 9.64742 13,1265 T™., 11,0864 17.334 15 78.298 
TE,, 9.96947 14,0175 TM,, 11.6198 19,043 16 89.085 
TE,, 10, 17347 14,5970 TMo, 11.7915 19, 609 17 100,57 
TE,, 10.5199 15,608 18 112.75 
TE, 10.7114 16.181 19 125, 62 
TE,, 11,3459 18,155 20 139.20 
TE V4 11.7060 19, 326 21 153.46 
19.422 22 168, 43 
23 184.09 
24 200.44 
217.49 
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Values of the Bessel Function Zero (a 


TABLE IIB-3 


) for the First 180 Modes ina Right Circular Cylinder Resonator! 


pe ee a] c— ——— = —s 
| "Om Mode? Tom Mode” TD Mode? tp ‘en Mode” 
1 1.8412 | TE) | 46 | 13.0152 | TM 33 7 18,4335 TM 10-2 136 22.6716 | TE 27 
2 2.4048 | TM 0} 47 13,1704 | TE 24 92 18.6374 | TE 64 137 22.7601 TM 17 
3 3.0542 | TE 21 48 13.3237 | TM 14 93 18.7451 | TE 12-2 138 22,7601 TE 07 
4 3.8317 | TM 11 49 13,3237 | TE 04 94 18.9000 | TM 14-1 139 22.9452 | TM B4 
5 3.8317 | TE 01 50 13.3543 | TM 91 95 18,9801 TM 54 140 23.1158 | TM 14-2 
6 4.2012 | TE 31 51 13.5893 | TM 62 %6 19,0046 | TE 93 141 23.2548 | TE 2i-1 
7 5.1356 | TM21 52 13.8788 | TE 12-1 97 19.1045 | TE 17-1 142 23.2568 | TM 18-1 
8 5.3176 | TE 41 53 13.9872 | TE 53 98 19.1960 | TE 45 143 23.2643 | TE 16-2 
9 5.3314 | TE 12 54 14.1156) | TE 82 99 19.4094 | TM 35 144 23,2681 TE 75 
10 5.5201 | TM 02 55 14.3725) | TM 43 100 19.5129 | TE 26 145, 23.2759 | TM 11-3 
11 6. 3802 TM 31 56 14,4756) TM 10-1 101 19.5546) TM 83 146 23,5861 T™ +65 
12 6.4156 | TE 51 57 14.5858 | TE 34 162 19.6159 | TM 16 147 23.7607 | TE 10-4 
13 6.7061 | TE 22 58 14.7960 | TM 24 163 19.6159 | TE 06 148 23.8036 | TE 56 
14 7.0156 | TM 12 59 14,8213 | TM 72 104 19.6160 | TM 11-2 149 23.8194 | TE 13-3 
15 7.0156 | TE 02 60 14.8636 | TE 15 105 19,8832 { TE 13-2 150 24.0190 | TM 46 
16 7.5013 | TE 61 61 14.9284 | TE 13-1 106 19,9419 | TE 74 151 24.1449 | TE 37 
17 7.5883 | TM 41 62 14.9309 | TM 05 107 19,9944 | TM 15-1 152 24.2339 | TM 94 
18 8.0152 | TE 32 63 15.2682 | TE 63 108 20.1441 | TE 18-1 153 24.2692 | TM 15-2 
19 8.4172 | TM 22 64 15.2867 | TE 92 169 20.2230 | TE 10-3 154 24.2701 | TM 27 
20 8.5363 | TE 13 65 15.5898 | TM 11-1 110 20.3208 | TM 64 155 24.2894 | TE 22-1 
21 8.5778 | TE 71 66 25.7002 | TM 53 lit 20.5756) | TE 55 156 24.3113 | TE 18 
22 8.6537 | TM 03 67 15,9641 | TE 44 112 20.7899 | TM 12-2 157 24.3382 | TM 19-1 
23 8.7715 | TM 51 68 15.9754 | TE 14-1 113 20.8070 | TM 93 158 24.3525 | TM 08 
24 9.2824 | TE 42 69 16.0378 | TM 82 114 20.8269 | TM 45 159 24.3819 | TE 17-2 
25 9.6474 | TE 81 70 16.2235 | TM 34 115 20.9725 | TE 36 160 24.4949 | TM 12-3 
26 9.7610 | TM 32 71 16.3476) | TE 25 116 21.0154 | TE 14-2 161 24.5872, | TE 85 
27 9.9361 | TM 61 72 16.4479 | TE 10-2 117 21,0851 | TM 16-1 162 24.9349 | TM 75 
28 9.9695 | TE 23 73 16.4706 | TM 15 118 21,1170 | TM 26 163 25.0020 | TE 14-3 
29 | 10.1735 | TM 13 74 16.4706 | TE 05 119 21.1644 | TE 17 164 25.008) | TE 11-4 
30 | 10,1735 | TE 03 75 16.5294 | TE 73 120 21,1823 | TE 19-1 165 25.1839 | TE 66 
31 | 10.5199 | TE 52 76 16.6982 | TM i2-1 121 21.2116 | TM 07 166 25.3229 | TE 23-1 
32 | 10.7114 | TE 91 77 17,0038 | TM 63 122 21.2291 | TE 84 167 25.4170 | TM 16-2 
33 | 11,0647 | TM 42 78 17,0203 | TE 15-1 123 21.4309 | TE 11-3 168 25.4171 | TM 20-1 
34 | 11.0864 | TM 71 19 17.2412 | TM 92 124 21.6416 | TM 74 169 25.4303 | TM 56 * 
35 | 11.3459 | TE 33 80 17,3128 | TE 54 125 21.9317 | TE 65 170 25.4956 | TE 18-2 
36 | 11.6198 | TM 23 81 17.6003 | TE 11-2 126 21.9562 | TM 13-2 171 25.5094 | TM 10-4 
37 | 11.7060 | TE 14 82 17.6160 | TM 44 127 22.0470 | TM 10-3 172 25.5898 | TE 47 
38 | 11.7349 | TE 62 83 17.7740 | TE 83 128 22.1422 | TE 15-2 173 25.7051 | TM 13-3 
39 | 11.7709 | TE 10-1 84 17.7887 | TE 35 129 22.1725 | TM 17-1 174 25.7482 | TM 37 
40 | 11.79%) | TM 04 85 17,8014 | TM 13-1 130 22.2178 | TM 55 175 25.8260 | TE 28 
41 | 12.2251 | TM 81 86 17.9598 | TM 25 131 22.2191 | TE 20-1 176 25,8912 | TE 95 
42 | 12.3386 | TM 52 87 18.0155 | TE 16 132 22.4010 | TE 46 177 25,9037 | TM 18 | 
43 | 12,6819 | TE 43 88 18.0633 | TE 16-1 133 22.5014 | TE 94 178 25.9037 | TE og 
44 | 12.8265 | TE 11-1 °9 18.0711 | TM 06 134 22.5827 | TM 36 179 26.1778 | TE 15-3 
45 | 12,9324 | TE 72 90 18.2876 | TM 73 135 22,6293 | TE 12-3 180 26.2460 | TE 12-4 
i L 


‘Wilson, Schramm, Kinzer (Ref. 6) used by permission. 


Values less than 16.0 are abrid 
five-place values and may be in erro: 
rounding off to fewer decimals. 


60 


ged from six-place values and are believed to be correct; 
r by one unit in fourth decimal Place. 


values more than 16.0 are abridged from 
@in fourth place indicates that higher value is to be used in 
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IIIB-3, The equations for the modes concerned in the example are given 


2 2 

fD D 

below; for simplicity e has been replaced by y and G) by x. 
10 


TE! y = 2.0707 + 0.34799x 
TE, 15% y = 1.3156 + 1.3920x 
TE, 40! y = 0.47810 + 1.3920x 


It is of interest to know the coordinates of other modes which pass 
through this region because in an actual echo box design these modes may 
interfere with proper operation. It can be seen from Figure ITIB-1l that the 


™ 510 mode is present; in addition, it is possible that the TE mode may 


also be present. The equations for these modes are: 


he 

K= 
ed 

N 


0,81563 + 1.4920x 


H 

tz 
eq 

lt 


0.47810 + 3,13191x 


It is evident that no other modes can be near the region of interest. 


Solving the equation for the TE oad mode simultaneously with that for 


the TE. 5 mode, the coordinates of intersection are found to be: 


x = 0.7233, y = 2.3224 


Similarly, the intersecti f th Li ‘th th is: 
y> ion o @ TBO ine w e TE 40 is 


x = 1.5255, y = 2.6016 


Interference from the TE 45 mode will persist until the line representing 


it passes beyond the boundary of the rectangle. The y-coordinate of this 


61 


nm 


WILLOW RUN RESEARCH CENTER ~ UNIVERSITY OF MICHIGAN 
UMM-119 


Py 
o) 
a’ 
Oo 
~ 
ac 
< 
< 
UO 
Ww 
a) 
0) 
= 
tL. 
.@) 
Zz 
fe) 
~ 
a 
oO 
a. 
fa) 
= 
< 
ti 
a) 
N 
a 
S) 
uu 


sumone ee ee ee oe 
WILLOW RUN RESEARCH CENTER ~ UNIVERSITY OF MICHIGAN 


UMM-119 


point has already been found: it is 2.6016; the x-coordinate is found 


by substituting this value into the equation for the TE 10 mode. The re- 


sult is x = 0.9239. Similarly, the coordinates of the intersection of the 


boundary with the TE, 10 may be found. They are x = 1.3249 and y = 2.3224. 


The ™ 10 mode also passes through the area. The coordinates of the two 


points, found in the same way, are: 


{ 
av) 


Lower: x = 1.0825, y = 2.3224 
.6016 


2.6016 at the point x = 0.6780; it 


l 
ne) 


Upper: x = 1.2830, y= 


The TEs 43 mode intersects the line y 


therefore does not pass through the rectangle but just misses the corner. 
The completed detailed mode chart is shown in Figure ITIB-e, 


IIIB.2 Cylindrical Cavity Modes 


The number of modes of oscillation possible in any given cavity up to 
a particular frequency fy is given (Ref. 6) approximately by . 


where 


N = number of modes 


< 
ul 


volume of cavity in cubic meters 
c = velocity of light in meters per second 


, 
o 


frequency in cycles per second 


which suggests that it would be desirable to keep the cavity volume as 
small as is consistent with other requirements if the requirement of opera- 
tion in a single mode is to be met. From the mode chart (Fig. NIB-1) it 

is also apparent that the mode lines become much more numerous in that 
region near the (fD)* axis and at large values of (f{D)@; it should be realized 
that all mode charts are incomplete in this region. Thus a cavity de- 
signed to operate in one of the "higher'' echo box modes (TE,,_ modes 


Oln 
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with large values of n) is in considerable danger of being able to support 
a great many modes besides the desired one within the frequency range of 
interest. 


Of the numerous families of modes present in cylindrical cavities, 


the only one which has found application in echo box design is the TE 91° 


This family is the most satisfactory in spite of its degeneracy with the 


T™), family. The TE om series of families was chosen since, for this 


series, there are no axial currents in the cavity side walls and no radial 
currents in the end plates. This property is shown in Section IIIC by the 
graphs of these currents for various modes (Fig. IIIC-2). Therefore, 
the cavity end plates need not make electrical contact with the side walls 
and in common practice are usually made slightly smaller than the cavity 
internal diameter, leaving a smali gap. This gap eliminates the need for 
a sliding electrical contact for the movable end plate by which cavity tun- 
ing is accomplished. Good sliding contacts for microwave frequencies 
are very difficult to design and manufacture. In addition, the gap serves 
to suppress, to a great extent, other modes which do require a flow of 
current between end plate and cavity walls. This is one of the simplest 
and most important ways of suppressing undesired modes. 


The preceding points out some exceedingly important advantages of 
the TE om families. Of this series, however, the TE 9) family has added 


advantages. This mode has, almost without exception, a higher Q for 
a given volume than any other mode, and is freerfrom interference by 
other modes. In addition, higher TE om modes require larger cavities 


for a given frequency. 


IIIB.3 Use of the Mode Chart! 


The mode chart is the prime tool for the designer of resonant cavi- 
ties. Although it is sufficient to use it in the form discussed in Section 
IIIB. 1, its utility can be increased by adding several more lines. 


1The material in this section is based on Reference 6. 
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In designing a cavity, a TE Oin mode must first be selected in which 


the cavity will operate. With the design restricted to the TE modes, 


Oln 
it is possible to place additional information on the mode chart which 
may aid in selecting a suitable mode. One such addition is the contour 
lines defined by the equation 


Q-/f = a constant 


The Q for the TE oan modes in a cylindrical cavity is given by the 


expression 
2 3/2 
DY" ,2) 
x ( + 0. 168 (2) n 
3 
DY’ 2) 
( + 0.168(>) n (2) 


If the mode shape factor, MS, is defined by the relation 


2 3/2 
D 2 
N a ee eS ae 


3 
D 2 
1 + 0. 168(?) n (3) 


Q = 0.610 


MS = 


it will depend only on the mode of operation and the relative dimensions 
of the cavity. 


Since the skin depth is defined by the relation (Sec. IIIA. 2) 


since echo box cavities are nearly always silver plated (p = 1.620 x 


io” ohm-cm), and since h = the mode shape equation becomes 
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2 3/2 
40) 2 
avr | ge | + 0. 168(2) | 


6 3 
10 1 + 0. 168( 2 ) ‘6 (4) 


If aye 7 is assigned a numerical value, and a value of n is selected, 


10 
D 
the expression can be solved for L By using different values of n, a 


series of discrete points is obtained, each point falling ona TEoin mode 


line, and a curve may then be drawn through the points. Other contour 

lines may be produced in the same manner. The form of Equation (4) is 

not the most amenable one for use in constructing these lines. A more 

suitable form may be obtained by expressing it in terms of the mode chart 
2 D ' 

coordinates, (f D) and (2) . This can be done by combining Equation (4) 


with the TE - mode line equation and eliminating n to obtain 


01 
2 _ (0.953 (f py? 2s 1 
(“) 0.483(f p)* a | 
10 (5) 


r lines appearing on the large mode charts are plots of this 


10 Qt 


equation. Each line represents a specific value for 6? and thus may 


be interpreted as a contour of constant Q,/. This interpretation is open 
to criticism, however, since the mode shape equation is physically mean- 
ingful only for integral values of n; i.e., only on the TE oan mode lines. 
However, they may be plotted on the mode chart and used to advantage if 
their limitations are understood. In making use of these curves, it must 
therefore be kept in mind that: 


1. The curves have significance only at the points where they 
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cross the TE OIn mode lines. The curves are of no signifi- 


cance between these mode lines, nor can they be used with 
any other mode family. 


2. The curves are approximately correct for silver plated cavi- 
ties and are not valid for any other cavity surface material. 


A final curve to be put on the mode chart is the maximum 2 line. 


A cavity operating on a mode at the intersection point of this curve with 
the mode line will have the maximum ratio of Q to volume that is possi- 
ble for that mode. This line is defined by the equation (Ref. 8) 


(f Dd)? (?)- 3.11 x 10° 


where, again, fis in mcs, D and L are in inches. 


The maximum 2 curve is also plotted on the large mode charis in 


the back of this report. These charts show the TE modes commonly 2 
D 
used in echo box design, and cover the most commonly used values o2) 


and (f p)*. TM modes are not shown, because their inclusion would have 
increased the complexity of the charts to a point where their readability, 
would be greatly reduced. The cavity designer should, however, include 
all TM modes in his detailed mode chart covering the region in which 

he is interested. 


ITIB.4 Designing the Cavity 


In designing an echo box cavit ther j ini ermis- 
sible Q, which will either he stated in the specifications or obtainable 


from the ringing time called for in the specifications. When the fre- 


quency range of the echo box is specified, the Q Vf contours become 
lines of constant Q. A region of the mode chart for which the Q will be 
adequate can then be obtained and selection of a design restricted to this 
region. In general, it will be desirable to remain in the vicinity of the 
maximum 2 line since, other things being equal, a small cavity is pre- 
ferable to a larger one. 
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In an echo box cavity, the diameter will be fixed and tuning will be 
done by movement of one of the end plates; that is, by altering the length 
of the cavity. The cavity, at any given setting of the tuning plate, will 
have dimensions and resonant frequency related by the mode equation 

2 2 /D 
({D) =A+Bn (?) » for the mode in which it operates. Since the 


diameter is fixed, the mode equation becomes an equation with f° and 


2 
1 
eS as variables. If the coordinates of the point representing the mini- 


2 
mum frequency position of the echo box are (f ,D) and D and if the 


| ca Dd ¥ : 
maximum frequency point is (f,D) and Lj)? rectangle can be in- 
2 


scribed on the mode chart with the mode line as diagonal, with the sides 
parallel to the coordinate lines, and with these points at diagonally op- 
posite corners (see Fig. IIIB-1). This rectangle is termed the "operating 
rectangle" for the echo box. As the cavity is tuned through its frequency 
range, the cavity dimensions and resonant frequency will satisfy all 
points on the mode line segment inside the rectangle in succession. 


Usually there are mode lines other than the operating mode line 
within the rectangle, representing extraneous modes. They are quite im- 
portant, since these modes interfere with the operation of the echo box 
unless suppressed. There are two types of extraneous mode lines, those 
that intersect the operating mode line within the rectangle, and those that 
do not. The former are called crossovers, while the latter are called in- 
terfering modes. The lines that intersect the operating mode are of par- 
ticular significance, for such a point of intersection means that both:modes 
resonate at that frequency. Since different modes have different Q's the 
Q (and hence the ringing time) behaves erratically at this point. Mode 
crossings should be avoided if possible. The non-crossing modes should 
be kept out of the operating rectangle because they lead to ambiguity. 
Their presence means that at a given dial setting there may be two or 
more frequencies within the chosen frequency band at which the cavity 
will be resonant, and conversely, for a given frequency, there may be 
two or more dial settings at which the cavity will be resonant. If the 
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presence of such interfering modes cannot be avoided, means will have 
to be taken to prevent their excitation. The techniques for doing so are 
discussed in Section ITIIC. 


It is apparent that designing a tunable echo box first involves finding 
a suitable operating rectangle on the mode chart. In finding this rec- 
tangle the first step is to find a region which is relatively free from ex- 
traneous modes and determine whether the other modes which are pres- 
ent can be suppressed effectively. Assuming that such a region has been 
found, the diameter of the cavity cylinder is then determined. A point 
is selected on the mode chart to be the point for which the minimum fre- 
quency occurs. The ordinate of this point, (f,D)2, is read from the chart. 


Knowing the specified value of fi the required diameter is then known. 


Having found the diameter, the corresponding cavity length is found 
2 


D 
from the abscissa of the point, which is rT): The coordinates of the 


point representing the maximum frequency are found in the same way. 

The size of the operating rectangle depends upon the frequency range which 
the echo box is required to cover, upon the mode selected, and upon the 
portion of the mode line selected for use. The greater the required tun- 
ing range, the greater the size of the operating rectangle, and the greater 
the number of extraneous modes. Hence a wide tuning range increases 

the difficulties of design. Ona particular mode and ina particular re- 
gion, the maximum tuning range permissible is set either by the nearest 
extraneous modes which must be excluded from the rectangle or by the 
nearest mode crossings which must be avoided. 


In using the mode chart, certain of its properties should be noted. 


1. The quantity D appears both in the ordinate and in the abscissa. 
2. In general, the mode density increases to the left and in an 
upward direction. Larger values of n mean more interfering 


modes. 


3. Since the size of the operating rectangle on the mode chart is 
a function of the mode selected and of position along the mode 
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line, it is not possible to select a suitable area simply by 
choosing an appropriate rectangle and sliding it about on the 
mode chart until its diagonal fits on a convenient mode line 

between two crossing modes, as has occasionally been sug- 
gested. 


I1IB.5 Use of the Mode Chart in Scaling 


An interesting application of the mode chart is its use in illustrating 
the principle of similitude. Suppose that a new cavity is to be designed 
on the same operating rectangle as an existing echo box, except that the 
resonant frequency is to be altered by a factor k. If the low frequency 


2 
2 D 
point on the rectangle has the coordinates (f,D) and @ ) , then, for 
1 


2 
(f,D) to remain unchanged as f is changed to kf D must be altered by 


the factor = Likewise, ea) to remain unchanged, L, must become 
1 


— - Hence, to alter the frequency by a factor k, multiply all dimensions 


1 
bys . This is just the principle of similitude discussed in Section IIIA. 4. 


The above procedure shows that if a cavity is scaled in accordance with 
the principle of similitude, its operating position on the mode chart will 
be unchanged. Furthermore, the Q-/f lines appearing on the mode chart 
show that Q-/f has a value at any point on the mode chart which does not 


change as a cavity is scaled. Hence, as f~k f, Q— Q. (Sec. IIA. 4). 
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IIc CAVITY COUPLING AND MODE SUPPRESSION TECHNIQUES 
ee 


IC. 1 Coupling Devices 


To make a resonant cavity into a practical echo box, a coupling device 
must be provided with which to introduce energy into the echo box during 
the transmitter pulse and to remove energy during the ringing. A second 
coupling device must also be provided to remove a small amount of en- 
ergy to actuate the resonance indicator. Figure IIIC-1 shows typical de- 
vices for coupling an echo box to a coaxial line and to rectangular wave - 
guides. Figure IIIC-la depicts coupling by means of a capacitive probe 
between a half wave TEM mode coaxial resonator and a coaxial line. 

This probe is the equivalent of a very short antenna, which provides 
electric or capacitive coupling to the field in the echo box. Probe coupling 
is useful only in providing coupling to modes in which the electric field 
terminates on the surface of the cavity in the vicinity of the coupling 
device; in practice it has been employed only with coaxial resonators. 
Figure IIIC-lb depicts a nee mode cavity coupled to a coaxial line by 


means of a loop. Note that the loop is placed in a plane normal to the axis 
of the echo box. This is the simplest form of input coupling for a cylindri- 
cal echo box, because a coaxial line is usually employed to connect test 
equipment to a radar, and because the loop-type coupling permits transi- 
tion from the coaxial line to the echo box with a minimum of difficulty. 

The use of such inductive loops is limited by the fact that the loop does 

not provide perfect magnetic coupling; thus, it contributes a certain 
amount of electric coupling. This electric coupling causes excitation of 
TM and extraneous TE modes to some extent, and since TM modes are 
inevitably present in TE ean echo boxes, loop coupling is generally per- 


missible only when it is certain that these modes are thoroughly sup- 
pressed by other methods. In practice, inductive loop coupling is used 


most successfully in coaxial resonators and in TE oi type resonators, 


although it has occasionally been used with cavities employing higher 
TE on modes. In general aE a type resonators have no crossing TM 


modes, and the TM mode degenerate with the TE mode is perturbed 


011 
sufficiently by the gap around the end plate to be well de-tuned 


from the TE on) mode resonant frequency. 
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2/2 TEM MODE TE oma MODE 


Coaxial Resonator with Probe Coupling Cavity Coupled by Inductive Loop 
(Not Useful with TEomn Modes) 


A._=Guide Wavelength 
c through h: 
TEomn Mode Cavity Coupled 


to TE}9 Mode Rectangular 
Waveguide through Orifice 


FIG. Il C- 1 TYPICAL DEVICES FOR COUPLING AN ECHO BOX TO A COAXIAL LINE 
AND TO A RECTANGULAR WAVEGUIDE 


Cowrtesy BELL TELEPHONE LABORATORIES 
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The remaining six illustrations in Figure IIIC-1 show methods of 


coupling between TE 19 mode in rectangular waveguide and TE On mode 


cavities. Drawings (c) and (d) show the methods usually employed, while 
(e), (f), (g), and (h) show methods which require separate short circuit- 
ing plates across the end of the waveguide. Because of this additional 
complication, these coupling methods are generally less desirable, but 
their use is occasionally necessary to fit an echo box into the space avail- 
able. Methods (e) and (f) are much more desirable than (g) and (h) be- 
cause in (g) and (h) there is a greater probability of introducing electric 
coupling which leads to excitation of the TM modes. 


While the echo box is ringing, the input coupling feeds power back 
to the radar under test and therefore introduces a certain amount of 
loading into the oscillating circuit. If the coupling to the input line is 
made too tight, the stored energy will leave the cavity quite rapidly with 
the result that the echo box will have a low effective Q and a short ringing 
time. On the other hand, if the coupling is made too loose, the echo box 
will have a high Q but insufficient energy will be stored in the resonant 
cavity to produce a long ringing time. In this case, the bulk of the energy 
stored is dissipated in the internal resistance of the cavity. Expressions 
for the optimum value of coupling into an echo box depend upon the follow- 
ing factors: (Ref. 9, 10, 11, 12) 


1. The "unloaded" Qo of the cavity (the value which Q would 


have in the absence of any coupling device). 


2. The "dynamic range" to which the echo box is subjected dur- 
ing operation. This quantity is the ratio of the power level 
during the transmitted pulse to the power level at the end of 
ringing, measured at the input to the echo box. It depends 
upon both the radar performance and the coupling of the di- 
rectional coupler or other device used to extract ehergy from 
the radar system: Greater dynamic ranges call for some- 
what looser coupling into the cavity. 


3. The radar pulse length. Longer pulse lengths require looser 
coupling. 
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Of these factors, the second has the most effect on the optimum value 
of the coupling coefficient. Since the optimum coupling must be deter- 
mined experimentally (see below), it is important for the echo box designer 
to have a radar and directional coupler available for test purposes in which 
the dynamic range at the output of the directional coupler approximates 
that of the system with which the echo box will eventually be used, so that 
the correct value of cavity coupling may be achieved. This means that the 
ringing time on the test radar should approximate that obtained in the 

field. The optimum value of cavity coupling does not vary greatly under 
normal conditions. Generally its value is such that the ratio of the cavity 


"loaded Q" to "unloaded Q" (PL/Q,) is between 0.85 and 0.95. "Under 


coupling", or coupling the cavity too loosely, is a much more serious 
fault than coupling the cavity too tightly. These effects are discussed in 
more detail in Section IIID. 


Formulas have been derived for calculating the coupling hole between 
a waveguide and the resonant cavity, for round or elliptical holes (Ref. 
6, 15). In the case of the round hole, these formulas lead to a hole size 
somewhat smaller than optimum. These calculations have seldom been 
employed in practice, since the actual hole size must, in any case, be 
obtained experimentally. Formulas for the size of a round coupling hole 
between rectangular waveguide and a TE 1 cavity are given in Table 
IlIC-1. These formulas are included for use as a starting point in design. 


Electric coupling through the hole may be reduced by making the hole 
longer, i.e., by increasing the wall thickness.at the coupling hole. How- 
ever, in order to keep the coupling unchanged, the diameter must then be 
increased. Since the hole amounts to a perturbation of the cavity which 
may cause coupling between TE and TM modes, it should be kept as small 
as possible. Therefore, the expedient of lengthening the hole to avoid 
electric coupling is not a desirable one. That the presence of a hole in 
the cavity is likely to cause cross-coupling between TE and TM modes can 


easily be seen from the following considerations: in the case of the TE 9) 


family, current flows in circular paths in both the end plates and the cavity 
walls, and there is no longitudinal current in the cavity walls and no radial 
current in the ends of the cavity. In the case of TM modes, current flows 

longitudinally in the side walls and has a radial component in the end plates. 
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TABLE IIIC-1 


Orifice Coupling from the TE 19 Mode in Rectangular Waveguide to a Cylindrical Cavity 


CONSTANTS CIRCULAR ORIFICE REFER TO FIGURE 


Cc WwW 2,3 
TE), 9-316 1.322 at = -K, xe 
mn D'L 
TE 1.058 4,43 WIC-lec 
O2n : 
2 ae 
TE 93 2.225 9.32 wi Ky 7 
ss \ WhD"L 
Ko Ky an at a? 2 a 
TE 0.1107 0.464 0.2403 == -K,,——~; 
Oln f Cc 2,3 
DL 
TE 0.1995 0.836 0.1312 WIC-ld 
02n 2.2 6 
w-kK.2 rd 
TE 0.288 1.207 0.0905 a WwW 2.3 
03n 
Sw af 
TE 0.331 — Same as first case 
Oln f 
E 2 6 
TE oon 1, 108 va d IlC-le 
TE oan 2.330 
Af 
TE 0.1159 — Same as second case 
Oln f 
TE 0.2089 : TICc-1f 
02n . a rs 2 a 
TE Os, 0.302 w a: L 
at Same as first case 
MC-1lg 
we Same as first case 
at Same as second case 
mC-lh 
Wi Same as second case 
NOTATION: \ = FREE SPACE WAVE- 4 = DIAMETER OF ORIFICE 
1 
LENGTH OF CAVITY 
RESONANCE Ww. = 2, = CAVITY LOADING 
\_ = GUIDE WAVELENGTH ; 
g K Ky = CONSTANTS OF PROPORTIONALITY 


D= DIAMETER OF CAVITY © 
L= LENGTH OF CAVITY K__ is defined in Figure IIC-1d 
W= WIDTH OF WAVEGUIDE 

h = HEIGHT OF WAVEGUIDE 


f = FREQUENCY 
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The presence of a hole causes the current to diverge to some extent to 
pass around it, with the result that in the region of the hole the direction 
of flow is no longer that required for a pure TE oy mode, and therefore, 


the TM mode is excited to some degree. Wave theory shows that for a 
small hole (a hole below cutoff for the wavelength used) this effect is 
very small; but it increases as the hole size is increased. 


IIIC.2 Mode Suppression Techniques 


ITiC.2.1 General Techniques 


Since most cavity designs have extraneous mode lines existing within 
the operating rectangle of the mode chart, steps must be taken to prevent 
resonance in these modes from interfering with the operation of the cavity 
as an echo box. Some modes have to be avoided completely since nothing 
can be done to suppress them. Such is the case for interfering modes 


of the TE oman family. Undesired responses in other modes can often be 


suppressed by careful placement and orientation of the coupling structures 
so that these modes are not excited. In the case of those modes which do 
not cross the main echo box mode line on the mode chart, suppression 
can be accomplished by lowering the Q of the undesired mode. Usually 
steps are taken to do both. In the case of TM modes which cross the 
operating mode, it is mandatory not to excite these modes. This excita- 
tion can for example be caused by the input or output coupling devices or 
by perturbations. TE modes which are present and cross the operating 
mode are best avoided entirely, although, with special effort, it may be 
possible to avoid excitation of such modes. If crossing modes are 
strongly excited, there will be a transfer of energy between the very- 
high-Q echo box mode and the lower-Q crossing mode at the frequency at 
which both are resonant (namely, the frequency at which the mode lines 
cross), even though stringent measures may have been taken to lower the 
Q of the second mode. The result is a "hole" (a reduction in ringing 
time at the crossing frequency), a highly undesirable effect. Lowering 
the Q of the crossing mode will not eliminate the "hole", but will make 

it broader and shallower. To overcome the effect of crossing modes the 
designer must therefore see to it that they are not energized. 


In the case of TM modes which are degenerate with the TE a modes, 


Om 
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effective suppression is obtained in the case of TE echo boxes (and 


011 
some others) from the gap between plunger and cylinder. To enhance 
this effect, sometimes both end plates are separated from the cavity 
wall and concentric annular grooves are cut in the end plates of the cavi- 
ties. 


A practical echo box has other modes of resonance than those which 
are shown on the mode chart. For example, the cavity existing behind 
the tuning plunger also has strong modes. It is essential to minimize 
the excitation and to reduce the Q of such resonances. Minimum excita- 
tion of back cavity modes can be obtained by minimizing the gap between 
the tuning plunger and the cylinder wall; however, this gap performs an 


essential function in perturbation of the degenerate TMy in mode and, in 


fact, in the suppression of TM modes in general. In order to meet these 
conflicting requirements the following steps have been found Satisfactory: 
making the gap .03" to .05"; making the edge of the plunger as thin as 
is mechanically convenient to reduce the capacity between the end plate 
and the cylinder wall; and providing a layer of RF absorbing material 

of considerable thickness on the back of the tuning plunger. (This ab- 
sorber is usually made of paper-filled Bakelite of deliberately poor di- 
electric quality.) Another category of resonance possible in the prac- 
tical echo box,but not existing in the ideal right circular cylinder, is a 
family of resonances in the isolated end plate or end plates of the echo 
box. These are also usually satisfactorily suppressed by the Bakelite 

on the edge of the plunger. They exist when the circumference of the 
plunger is approximately equal to an integral number of wavelengths. 
Plunger resonances, and resonances in TE and TM modes which require 
radial currents in the end plates, are reduced in Q by filling the annular 
grooves in the end plate with "lossy" dielectric. 


1IC.2.2 Suppression by Selective Coupling 
See ee 


The location and orientation of the coupling loop or the location and 
shape of the orifice are strong factors in coupling to a desired mode. An 
additional factor in the case of orifice coupling is the location of the ori- 
fice relative to the waveguide which feeds energy to the orifice from the 
radar. 
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IIC.2.2.1 Loop Coupling 


The coupling loop may be placed either on the cylinder wall or on 
the stationary end plate. Both of these locations have been used. If no 
extraneous modes are present, the coupling loop may be introduced where 
the magnetic field is a maximum for the desired mode. If, however, it 
is necessary to avoid exciting certain modes, it is desirable to intro- 
duce the coupling where the undesired modes have zero magnetic field, 
or at least where that component of the magnetic field which couples to 
the loop is zero at the coupling point. This condition may necessitate 
coupling to the desired mode at a compromise position where the H field 
is not maximum for that mode. To suppress modes in this manner re- 
quires a thorough knowledge of the distribution of the currents in the 
cavity walls. To aid in mode suppression, charts have been prepared 
by Kinzer and Wilson (Ref. 6) for the cylindrical cavity which show the 
current contours and streamlines for the cavity end plates. These charts, 
taken from Reference 6, show the relative intensity and direction of the 
currents in the end plates as well as the magnetic field at the end plates 
for various modes. Figure IIIC.2 contains plots of H, (relative intensity 
of magnetic field) or P icunnenvand co or I. in the end plates as a function 


Q 
of the relative radius p. As usual the subscripts indicate that only that 
component of the current or field which is in the direction indicated by 
the subscripts is plotted; however, the angles 9 are chosen in each case 
so that there is no other component of current or field, and therefore 
the plots actually show the total current or field at the end plate. In the 
case of the TE modes, when ®@ = 0, Hy = 0, and the current is entirely 


in the 9 direction; in the case of TM modes, when @ = 0, or = 0 and the 


current is entirely in the p direction. When @ = 7/24, the inverse con- 
dition exists, and the second curve in each figure is plotted for this value 
of 9. (It is to be noted that at the end plates i = I, and Hy = eo in the 


MKS rationalized system of units). Sidewall currents and fields are more 
difficult to portray and are not shown. The characteristics of the side- 

wall currents and fields which the cavity designer must know are readily 
obtained without the use of charts. 
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The magnetic field at the end plates is given by:! 


TE modes: 
K, 
= — J! 8 
a - Jy (kp) cos & (1) 
k J, (k,p) 
3 Ce 
Hy = ea “kp sin £0 (2) 
TM modes: 
Jy (kp) 
L 
1: ees Zee sin £0 (3) 
p kip 
= -J! 4 
Hy J (kp) cos £0 (4) 
where 
a T 
k, = —4, xk, = 2, DandLare the diameter and length 
1 D 3 L 
: 20 2 2 . ; 
of the cavity,k = rac yj + k, , and Jy is a Bessel function of 
order £. 


The magnitude of the magnetic field is given by: 


For TE modes, when 0 = 0, the magnetic field is entirely radial and 


2 T 
ti lto J) (k,p). hen 8 = —> = i i 
is proportional to My ( 1°) When 22’ H 0 and Hy is proportional 


In these formulas, as in all other expressions for cavity fields given 
in the handbook, the time varying factor has been omitted. The expressions, 
therefore, describe spatial variations and relative magnitudes only. 
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For TM modes this situation is reversed. The following 


functions have been plotted on the end plate current charts (Fig. IIIC-2). 
TE modes 


ENE JOR 2 Se 


vis 
H. vs for @ = 
Ce eas 22 
TM modes 
Hy vs p for @=0 
H vs for @ = a 
pp en ae 


These curves are essentially graphs of J, (x) and Jp (x) in normalized 
x 

form. From these charts the relative intensity and direction of the mag- 

netic field (or current) can be found for any point on the end plates. 


Example (IIIC.1): 


Find the relative intensity and direction of the magnetic field and 


current for the T™ 44 mode at a position on the end plate .32 of the dis- 


fe) 
tance out from the center and at an angle 9 = 14 from the radius where 
a is a maximum. 
Solution: From the chart for the ™ 4 modes it is found that at a relative 


(e) 


radius of .32 and at @= 90°, H_ or I, = .82, and H, or I = 52 ate=0. 
p 


At @ = 14°, from Equations (3) and (4), 


H orl. = .82 ein 14° = .20 
p 9 
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H orl = .52 cos 14° = .50 
8 p 


Hence the magnitude and direction of I and H at this point are given by add - 
ing the above vector components, as shown below: 


Thus 
fo) 
54 and is directed at an angle of 82.5 


ise} 
il 


.54 and is directed at an angle of (90 + 82.5)° = (172.5)° 


WH 
u 


Example (ITIC.2): 


Find H and H. for the TE,, mode at p = .60, 6 = 20 
0 ) pal 


Solution: From the charts: 


H, = 58 at p = .60, 9=0 
O 
Hy = 80 at po = .60, 9 = 30 


From Equetions (1) and (2): 


io) 
H = .58 cos 20° = .54 atp = .60, @ = 20 
0 
0) oO 
H = .80 sin (3x 20) = .69 at p= .60, 9 = 20 
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The total field may now be found in the same way as in the previous exam- 
ple. 
: ‘ 7D ' 

These charts (Fig. IIIC-2) also list ™m op Oe where Ls is the cut- 
off wavelength in a circular guide of diameter D. This ratio of circum- 
ference to wavelength gives the diameter of the smallest cylinder in which 
the given mode can exist at a given wavelength Xe: 


The relative current density and direction of current flow for the 
entire end plate for various modes is shown in Figure IIIC-3. These 
charts, while largely qualitative, give the user an over-all picture of the 
end plate current distribution. Dark areas are areas of high current den- 
sity. The pictorial charts are sufficiently accurate to be used in the de- 
termination of mode suppression techniques. The curves are more suit- 
able for locating a position for cavity coupling. 


In considering the cylindrical walls no difficulty is encountered be- 
cause the fields at the walls and the currents in the walls vary sinusoidally 
in both the @ and z directions. The equations for the magnetic field, 
(Appendi#! III.1) become, for TM modes, 


’ 


q 
" 
_ 
it 
i 
= 


D nt nt 
5 )} cos £28 cos L 2 = K cos#8 cos Ra 


These equations show that, for TM modes, the magnetic field at the walls 
is entirely in the 0 direction and the currents are MPUneny axial, both being 
maximum at the ends of the cavity. 


For the TE modes there will be, in general, both z and 0 components 
of H and I, and when the one component is maximum, the other is minimum. 
This relation can be seen from the equations for the TE modes at the cyl- 
inder wall. 
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c. TEg3 MODE 
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e. TE;9 MODE 
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i. TEg3 MODE 


j. TE5; MODE 
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ny Jy (Ten,) 
H =] = -£— ‘£ * em" 


nit 
sin Z2@ cos — Zz 
8 Z 2L L 


Um 
= K' sin £0 cos = Zz 


where 


Ke ~— 44m 
2. se 


_ nea 
H =I, = J, (ry) cos 46 sin 7 Zz 


= K" cos £0 sin ra Zz 


where 


ae ™D yy (mn) 


At the ends of the cavity, Ho and I, are maximum while H, and Ig are zero. 
If 2= 0, the expressions become 


n7r 


I 


H, = Jo (roy) sin 


Hy = 0 


For this very important case, the magnetic field is entirely axial, the side- 
wall currents are entirely circumferential, and there are variations in 
these quantities only in the axial direction. 
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This discussion gives sufficient information for finding the optimum 
position at which to couple to the cavity. If it is desired to find the direc- 
tion of the total current and magnetic field vectors, a procedure given by 
Kinzer (Ref. 6) will save the trouble of working directly with the equations 
for the cavity fields. However, usually only the z component of the mag- 
netic field is of interest, since in sidewall coupling the coupling loops are 
always placed with their planes normal to the z direction and couple only 
to the z component of the field. By orienting the loop in this way, excita- 
tion of all TM modes will be minimized. 


Example (IIIC.3): 


A cavity operating in the TE mode has the following dimensions: 


Ole 


D = 12.0" Lo. 1R:0", Tea Oreos 
max min 


Solution: From an examination of the mode chart (see Fig. IIIC-4) the in- 
terfering modes are found to be: 


T 


TE » TE Eso 


iy T 
is?) ee? Tea? as aM Moat oh 


211’ O13 210° 


The gap between the tuning plunger and the side walls, in combination with 
the effect of damping material on the back side of the tuning plunger, should 
reduce the response of most of these modes, including all the TM modes. In 
addition, placing the coupling loop normal to the cavity axis will reduce 
coupling to the IM modes, since these have q = OQ. 


Figure IIIC-5 shows the variation of Es along the cylinder wall for 


the various TE modes. For n= 1, there is a single half-period sinusoidal 
variation; for n= 2, there are two; etc, The TE oie mode has maximum q 


at L/4 and 3L/4. Hence a loop placed at these points will give maximum 


coupling to the TE mode, although coupling to the TEL. mode will also 


012 
be large. Placing the loop at L/S results in the minimm excitation of the 


i i ie) duced only slightly. The TE 
TES 13 mode while that of the TEO0 will be reduc y ghtly 212 
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FIG. Ill C-4 MODE CHART FOR EXAMPLE Ill C-3 
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FIG. ill C-5 Hy AS A FUNCTION OF Z FOR VARIOUS TE MODES 
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and TE modes cannot be reduced relative to the TEOy mode by varying the 


312 2 
axial position of the loop, since i has the same axial variation for all 
three modes. Likewise, the TEA and TE) 57 modes cannot be reduced signifi- 
cantly by such a procedure since their aa fields are zero only at the end 


plates. As the plunger is moved in the process of tuning, the field con- 
figuration will be altered, so that if the loop is located in an optimum 
position at maximum cavity length, it will not be located in an optimum 
position at minimum cavity length (cf Fig. ITIC-5) . The mode chart shows 
that the interfering TE modes with slope n>e (those for which selective 
coupling can be employed) enter the picture only near minimum (D/L)®, or 
where the cavity has maximum length. Hence, it would be well to have the 
loop positioned so that it is near a null for the ei mode at the lower 


frequencies. However, this placement will cause the loop to be near a 


position of minimum for the TE O12 mode, The proper position of the loop 


is therefore probably somewhere between L 4 and L dependi u 
ore pro y ew n ee tne 193 epending upon 


how well mode suppression technicues reduce the response to extraneous modes. 


It is meaningless to attempt to find an optimum 9 position for the 
input coupling loop, since the position of this loop determines from where 
8 is to be measured. The variation of H. in the 6 direction is of concern. 


only in connection with the output coupling, i.e., the coupling to the res- 
onance indicator, Assuming an optimum or compromise position for the input 
loop, the output loop will ordinarily be at the same axial position, but 

displaced by an angle 9 determined by the © variation of the cavity fields. 


In the case of the main mode, the TE O32? the magnetic field does not vary 


with 8, so that the loop position is not important in this respect. It is 
desirable, however, to reduce or eliminate false meter indications and to 
reduce the mode cross-coupling which is due to the presence of the loop. 
If possible, the output loop should be located where no extraneous modes 
have components of magnetic field perpendicular to the loop. 


There are values of 9 for which the E component of the field is zero 


for the extraneous TE modes present in the cavity. These values of 9 depend 
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upon the first number of the mode designation. For the TEL oy and TE) 13 


modes, there is one complete sinusoidal variation of H as 6 varies from 


fo) 
0 to 360° or 2x radians; for the TE 45 there are two such cycles, and 


so on. It is convenient to construct a diagram showing these variations 
(Fig. IIIC-6). In this figure the abscissa represents angles measured 
from the position of the input coupling loop, and the angles at which HT 


becomes maximum and zero for the various interfering TH modes in this cavity 
are indicated by X's and 0's, respectively. Hence X's represent undesirable 
locations for the output loop relative to the input loop. The position fi- 
nally chosen for the output loop depends on which modes affect the meter read- 
ing most; this, in turn, depends on how successfully interfering modes have 
been suppressed, Since the location of the loop is most critical in the case 
of the modes with greatest value of £2, the loop should be located at or near 
a zero for this mode if it is feared that this mode will give a strong 
response. From the figure, the zeros for the TE mode are at odd multiples 


of 228°, On the other hand, the TE » the TE. 2 and the TE 


51 21 
by grooves in the end plate and 


411 D modes can 


be more effectively suppressed than the TE, oy 


by the gap between the end plate and the cylinder walls, as can be seen by 

reference to the charts of end plate currents. It is therefore likely that 
the TE, 5 mode will be present to a greater extent than the other undesired 
modes oat is likely to produce a spurious resonance indication, The zeros 

for this mode are at 90 and 270, which are in a poor location with re- 


spect to the TE 450 and TE ya modes. If the designer is reasonably sure that 


these modes are strongly suppressed, 90° may be a satisfactory loop loca- 
tion; if not, a location somewhere near 150 is recommended. Locating the 
output loop close to the input loop (near 0°) is not desirable; direct 
coupling from input to output loops is likely. For this reason the region 
near 0° and 360° has been ruled out of consideration as a loop location. 


It can be seen that compromises must be made in regard to loop loca- 
tion. For this reason it is possible that more than one prototype box may 
have to be constructed before a satisfactory solution to this problem is 


found. 


107 


WILLOW RUN RESEARCH CENTER ~ UNIVERSITY OF MICHIGAN 
UMM -119 


a a 
= maximum 
minimum 
ra a cT 
ra ia ra te cIN a a ra a A cl fT 
Ne  , LD LP Ne 


30 60 120 7 150 210 | 240 300 | 330 
22.5 45 67.5 112.5 135 157.5 | 202.5 225 247.5 | 292.5 315 337.5 
0 90 "180 270 360 
0 - DEGREES 
) 7/2 7 37/2 27 


FIG. Ill C-6 ZEROS AND MAXIMA OF Hz FOR VARIOUS TE MODES 
AS A FUNCTION OF @ 


108 


wie 


WILLOW RUN RESEARCH CENTER ~ UNIVERSITY OF MICHIGAN 
UMM-119 


Example (IIIC.4): 


A cylindrical cavity of the following dimensions is to operate in the 


ad : SS 4, 44%. = 2 2": = é 2 uc ° ty 
TE511 mode: L 544"; Litn. 3.05 and D = 5,725 The mid 


band frequency is 3000 mcs; TE » TE » and ™, are the interfering 


311 112 12 


modes (see Fig. ITIC-7). 


Solutions: As in the preceding example, orienting the coupling loop normal 
to the cylinder axis will inhibit excitation of the TM mode. Placing the 
coupling loop at z = L/2 will reduce excitation of the TE, 40 mode, but there 


is no location which will reduce coupling to the Tu mode without affect- 
ing the EO. mode, since both modes have the same axial variation of Ho. 


In an actual cavity of these characteristics, the OBU-%, the loop has been 
located about 1.67" from the fixed end of the cavity, so that it is at L/2 
when (D/L)* is about 2.95, near the high-frequency end of the tuning range. 
The loop was located in this position in an attempt to decrease the varia- 
tion of ringing time with frequency. This location increases the coupling 


to the TBO mode near the high-frequency end of the band. The Q of this 


cavity is much greater at the low end of the band than it is at the high 
end; hence, it is deliberately undercoupled at the low frequency end. This 
attempt was only partially successful because optimum coupling depends upon 
the energy level difference at the echo box. Therefore, even should this 
device prove successful when the box is used with one particular radar, it 
will not necessarily prove successful with another. 


The output loop has been placed at 9 = 90° relative to the input loop, 
which is a position of eae for both the TEs and the TEL 40 modes, 

A coupling loop can be inserted through the cavity end plate as well 
as the side wall. In this case, the curves of Figures IIIC-2 are useful 
in determining its proper location. Since the magnetic field for the 
TE eat modes is entirely radial at the end plates, the plane of the cou- 


pling loop will be normal to this direction. However, the TM modes are 
not automatically discriminated against by the orientation of the coupling 
loop, as was done with the loop in the side wall. Here only the TMomn 
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modes have no component of magnetic field in the radial direction and 
will thus not be excited by a loop perpendicular to this direction; the 
other TM modes must be discriminated against individually by proper 
radial location of the loop. For this reason, locating the loop in the end 
plate is not desirable except under special conditions. If space require- 
ments make coupling through the side wall difficult, and if the TM modes 
which are present can easily.be dealt with, end-plate coupling is worth 
considering. - 


In end-plate coupling it is possible to discriminate between various 


TE modes, since different TE modes have different field patterns 
Omn Omn 


at the end plates. In the case of the TEoin modes, the location for maxi- 


mum coupling is nearly half way (48 per cent) out from the center to the 
edge. Coupling to a TEoon mode is least when the loop is 54 per cent 


from the center, and this location does not appreciably reduce coupling 
to the TEoin mode. In general, to discriminate against a mode, the loop 


should be placed where sa is zero for that mode. 


A method of suppressing undesired modes which has found some use 
in resonant cavity design is the use of two or more coupling loops. These 
loops are so placed that, for the desired modes, the fields excited by the 
two loops enhance each other, while for the undesired mode the fields ex- 
cited by the loops tend to cancel each other. 


Example (IIIC.5): 
is 1 i TE but th mode is inter- 
It is desired to excite the oll mode, bu e TE 
fering and is not easily suppressed by convenient means. 


Solution: Two coupling loops can be used to suppress the Teo mode while 
enhancing the TE Osa A coupling loop placed at z = L/2 will give maximum 
coupling to both modes. A second loop, energized in phase wth ule first 
and placed at z = L/2 but on the opposite side of the cavity, 180 from 


the first loop, w:1l tend to excite a TB) configuration which, when 


WILLOW RUN RESEARCH CENTER ~ UNIVERSITY OF MICHIGAN 


UMM-119 


superimposed on the TB from the first loop, will result in nearly com- 


plete cancellation, while both couplings will excite the TE mode in such 


manner that the interference will be constructive. The same effect could 
be had by separating the loops by an angle 9 = 60°, 


This method of coupling is open to the objection that if the currents 
in the two loops are in phase at one frequency, they will not be so for 
others. This technique is of limited use for tunable echo boxes, because 
of their relatively large tuning range. 


IIIC.2.2.2 Orifice Coupling 


When orifice coupling is used, the orifice position can also be se- 
lected so as to reduce coupling to unwanted modes. What has been said 
previously about positioning coupling loops applies also to orifice cou- 
pling. Although there is no loop to be oriented to avoid exciting TM 
modes, there is an analogous technique: the input waveguide or trans- 
ducer is oriented so that the fields at the orifice will not couple to TM 
modes. The six ways of coupling from waveguide to cavity illustrated 
in Figure IIIC-1, can be understood by reference to Figure IIC-8, which 
shows the standing-wave field configurations in a rectangular waveguide, 
with a short-circuiting plate over the end, excited in the TE 19 waveguide 
mode. 


In the case of coupling through a hole in the shorting plate, as shown 
in Figures IIIC-lc andd, the magnetic field is parallel to the longer di- 
mension of the waveguide. For side-wall coupling the guide is oriented 
so that the longer dimension of the guide is parallel to the cavity axis. 
The magnetic field at the hole is then parallel to the cavity axis, cor- 
rect for TE modes. Coupling through the end plate is accomplished by 
orienting the guide so that the magnetic field at the orifice is radial (Fig. 
IlIC-1d). Figures IIIC-1e and f show coupling through an orifice in the 
narrow wall of the guide, located af 4 from the shorting plate. Figure 


IIIC-8 shows that this is again magnetic coupling, the field being parallel 
to the axis of the guide. 


The final method, (Fig. II[C-lg and h)is coupling through an orifice 
in the wide face of the guide, located Xe from the shorting plate. Here 
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Side View 
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FIG. Ill C-8 STANDING - WAVE FIELD CONFIGURATIONS IN A SHORT - 
CIRCUITED RECTANGULAR WAVEGUIDE (TE WAVEGUIDE MODE) 
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the coupling is also magnetic, the field direction being across the wide 
face of the guide transverse to the axis of the guide. This method has 
the disadvantage that there is a strong possibility of electric coupling to 
extraneous modes. 


Orifices should be located relative to the cavity by using the same 
procedure outlined above for loops. The orifice locations shown in 
Figure IIIC-1 refer only to the optimum location of the hole relative to 
the desired TE on mode and must frequently be modified in the interest 


of mode suppression. Orifices have two noteworthy advantages over 
loops for coupling devices; the fields within the cavity are perturbed or 
distorted less by the presence of an orifice than they are by the presence 
of both a loop and an orifice (as is the case in loop coupling) and the di- 
mensions of an orifice can be controlled more easily in production. 


Il1IC.2.3 Suppression by Current-Interrupting Devices 


It is not possible to make a clear distinction between current-inter- 
rupting devices and perturbations, since any modification of the cavity 
is a perturbation. The term current-interrupting device is used here 
to refer to any device whose primary object is to prevent the flow of sur- 
face currents which are required by an undesired mode, whereas the 
term perturbation is used to refer to distortions of the ideal cavity shape 
which are designed to shift the resonant frequency of the undesired mode 
so that it no longer interferes with the proper operation of the cavity. 
It is possible that many current-interrupting devices also act as per- 
turbations. 


The most common current-interrupting device is the gap between 
the tuning plunger and the cavity wall (Sec. IIIC.2.1). Since the presence 
of the end plate gap obstructs current flow between end plate and side 
wall, undesired modes will be, to varying degrees, inhibited. In addition, 
the presence of the gap introduces reactance, which shifts the frequency 
of these modes. Hence, the companion degenerate TMy in mode will be 
shifted so that it no longer coincides with the TEoin mode. In some 
existing echo boxes, for example the TS-62/AP, there are gaps at both 
plates. Gaps are ordinarily 0.030" to 0.050" long, although occasionally 
they are much longer. The 14ABA-1 echo box, for example, has a gap 
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of 0.125" around the tuning plunger, but no gap at the fixed end of the 
cavity, and the dielectric damping material on the back of the tuning 
plunger is approximately 1/4" thick over the metal. 


Cavity symmetry must be carefully preserved if good performance in 
the desired mode is to be obtained, and if undesired modes are to be 
avoided. This means, so far as the end plate gaps are concerned, that 
gap length must be identical when measured along any radius, within very 
close tolerances, for any position of the tuning plunger. Also both end 
plates must at all times be accurately perpendicular to the cavity axis. 
These two conditions together impose rigid requirements on the mechan- 
ical construction of the cavity. 


A second type of current-interrupting device which is frequently used 
consists of annular slots cut in the end plates concentric with the cylinder 
axis. These slots are located so they are ina region of dense radial cur- 
rent for some interfering mode. If several such modes are present, the 
locations of the cuts may be a compromise. In order to be of maximum 
efficiency, the slots should be made so they are a quarter wavelength deep 
for the unwanted modes, since then they will act as a quarter-wave- 
length short-circuited transmission line in the path of the offending mode 
and will effectively be an open circuit. In order to be effective over an 
appreciable band of frequencies the slots are filled, or "loaded", with 
lossy dielectric material, which broadens the resonance curve of the slot. 


In some boxes of Bell Telephone Laboratories design, such as the 
TS-62/AP, the TS-218/AP,and the TS-172/UP, one end plate is made of 
Bakelite or phenolic fiber with silver-plated copper foil or a thin silvered 
aluminum disk cemented to it. If this type of construction is followed, 
the annular slots may be made merely by cutting and removing a portion 
of the conducting material. Various types of slot design are illustrated 
in Figure IIIC-9. 


Slots are very effective in suppressing certain modes and much less 
effective for others, depending on the pattern of the currents in the end 
plates. By examining the charts of current distribution in the end plates, 
it may be seen, for example, that TE modes with m = 1 should be strongly 
hindered by the presence of a ring, whereas TE modes with m >1 will be 
much more difficult to deal with by this method. 
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FIG. Ill C-9 VARIOUS TYPES OF END PLATE SLOTS 
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The width of the gaps is not critical. Usually it is of the order of 
1/16" to 1/8", 


Example (IIIC, 6): 
The cavity of Example IITIC.3 operates in the TEO12 mode and the ex- 
traneous modes, repeated here for convenience, are: 


TE __, TE 


113 TMyy32 and TM) 


212’ Ee” aa ae aa ex 
The TM modes should be adequately suppressed by the coupling loop orienta- 
tion and by the end plate gap. In addition, the companion degenerate mode, 


the TM 10? should be sufficiently perturbed by the end plate gap so that its 


resonant frequency is different from that of the TE Oyo" 
By inspection of the charts and graphs of end plate currents (Fig. 
IIIC~-3), it appears that a ring placed at almost any radius will be effec- 


tive in suppressing the TE), modes. The most favorable position to suppress 


the TE, modes will be at a relative radius greater than 0.5. For the TES 


and TE, modes, a value of 0.75 is good, For the TE, the ring should be 


much closer to the center, between 0.25 and 0.35, although this mode will 
not be too effectively suppressed by a ring. 


If the ring is placed in the movable end plate, or if there is an 
end plate gap in the stationary plate as well as in the movable, then a 
relative radius exceeding .75 would bring the ring close to the end plate 


gap, which itself is a very effective suppression means for the TE TE,4 


TE, and TE, modes. Therefore, unless these modes prove troublesome, an 


31 
additional ring does not appear to be necessary. If one is used, a relative 
radius of about 0.70 to 0.75 should be chosen. The TE. mode will probably 
cause trouble and a ring at about 0.3 may help to suppress it. 
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IIC.2.4 Suppression by Perturbation 


Deliberately changing the shape of the cylinder from its ideal right- 


circular configuration is a way in which the degenerate TE, in mode may 


be separated from the TE If this can be done, then it is possible | 


Oln’ 
that the very rigid requirements placed on the alignment of the end plates 
can be relaxed. This technique has been investigated by Bafios (Ref. 13) 
and others, and a theoretical discussion of eavity perturbation is in- 
cluded as Appendix I of this manual. The effect of cavity perturbation is 
to displace all the modes from their normal positions on the mode chart, 
and the designer attempts to find a perturbation which will displace the 


TM yin mode relative to the TE oi’ so that they are no longer coincident. 


Very little practical work has been done toward investigating the effects 
of deliberate cavity perturbations, and this field is a promising one for 
further work. To prevent the cavity from being unsymmetrical, and thus 
invite the appearance of undesirable nonsymmetrical modes, the only 
types of perturbations open for consideration are those which preserve 
cavity symmetry, such as a curved or conical end plate, or the gap pres- 
ently used between the end plate and the cylinder wall. 
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IliD THE RINGING TIME PROPERTIES OF THE CYLINDRICAL CAVITY 


IID. 1 Relation of Ringing Time to Cavity Parameters — 


IID. 1.1 The Ringing Time Equation 


In Section IIA, the various factors which determine the ringing time 
of an echo box were listed and discussed. Briefly, they are: 


1. Radar performance (measured at the echo box), D 

2. Coupling loss, W, 

3. Line loss, Ww, 

4. Coupling loss, W3 

5. Charging loss, WwW, 

6. Echo box Q 
A graphical relationship between these factors was shown in Figure IIA-4. 
They can also be related by an equation, known as the ringing time equa- 
tion, which can be obtained by reference to Figure IIA-4. Let P;, denote 
the power level during the transmitter pulse at the input to the coupling 
device, expressed in dbm or dbw. At the input to the echo box the energy 
level is therefore 


P, - W, - W 


where W, and W> are expressed in decibels. The power at the echo box 
is attenuated further by the coupling loss, W3. 


The energy level within the box cannot reach a steady value because 
of the high value of Q and the.shortness of the transmitter pulse. There- 
fore, the energy leaving the box at the end of the transmitter pulse does 
not equal that entering it during the pulse, and the discrepancy is denoted 
by an additional loss, Wy. 
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The energy returning from the echo box to the radar will again en- 
counter the loss due to mismatch W3, and the losses W_ and W,. At the 
end of ringing, the power level at the echo box will have decreased by a 
number of decibels D, the equivalent of the radar performance figure 
measured at the echo box. At the end of ringing, therefore, the power 
at the radar transmission line has decayed to the level 


Py - 2W) - 2W2 - 2W3 - W4- D dbm or dbw 


This expression assumes that at the end of ringing, the power at the radar 
receiver corresponds to the receiver noise level, or in other words, is 
a measure of the receiver noise figure. This assumption is probably not 
justified, since it appears fairly certain that ringing time is generally 
measurable down into the noise, particularly in the case of A-scopes. To 
correct the ringing time so as to reflect the actual radar performance, it 
is necessary to add a correction factor Ws- This figure is probably in 
the neighborhood of 2 to5 db. Therefore, if P|, is the noise power of the 
receiver, in dbm, 
P. =P 


+7 2W, - 2W, - 2W3 - Wy + We - D 


If tp is the time required for the power to decrease D db during ringing, 
and if t; is the duration of the transmitted pulse, the ringing time, t.» is 


t. =t, +t2 


The decrement of the cavity is defined as the number of db by which the 
power decreases per microsecond of ringing time and is related to the 
Q of the cavity by (App. III) 


So SEE 
Lb” Qa) 


where d, is the decrement of the cavity when coupled to an external cir- 
cuit ("loaded" decrement), Q,, 1s the Q of the cavity under the same con- 
ditions, and f is the resonant frequency of the cavity in megacycles per 

second. Expressing t, in terms of the decrement, to = D/d,.- 
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Therefore, 
] 
te ety go [Pp 200) + We + Wa) - Wy + Wo - Pa] Q) 
or 
Qy, 


Using these equations, the necessary Q, or decrement for a specified 
ringing time can be calculated, or the expected ringing time can be cal- 
culated from a known Q,, or decrement. 


Unfortunately, these equations have d, and Q;, implicit in them; 
that is, some of the terms within the bracket contain these quantities. 
This implicitness can be seen by examining the terms individually. 


The term W] can be obtained from the characteristics of the direc- 
tional coupler. W5, the line loss, should generally be about 3 db for best 
results. The coupling loss W, is due to reflection or mismatch at the 
echo box. For optimum coupling into the box the impedance match is very 
poor, and the standing wave ratio very high. An analysis made on the basis 
of an equivalent circuit has shown this term to be (Ref. 9) 


Qr, 
- W, = 10 log 1- —— \db 
3 10 Qo 


1 
W3 = 10 logig a eee db 
QL 


Q 


or, 


l1 - 


where Q1/Qo is the ratio of "loaded" to "unloaded" Q. This ratio ordi- 
narily is between 0.90 and 0.95, and W3 is therefore between 10 and 13 db. 
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A similar analysis shows that the charging loss W4 can be expressed 
by 


-W4, = 20 1logi9 1 - exp. ( =) = 20 logjg|1 - exp.\- 27.3 


or, 


Wy, = 20 log, 4 1 = 20 logig 1 


T ft, ; ( T =) 
1 - exp. oe - exp. “3737 
WwW, is plotted as a function of t)d, in Figure IIID-1. The decrement d 
of a box can easily be found (if its sensitivity in yards/db is known) by 


dividing number of yards (round trip) electromagnetic energy travels per 
microsecond (164 yards) by the sensitivity of the box. 


164 (yards/microsecond) 


dy, (db/mi ae 
i, (db/microsecond) Sensitivity (yards/db) 


The ringing time equation can now be written: 


Qr, Qn 
aS P,- P72 WwW, + Ww, + 20 logig | 1 -— 
27. 3f Qo 
w ft) 
+20 lo l -exp.[-—— +W 2 
£10 P ( Q. 5 (2) 


or, 
t t; + : P. P 2 |W, +WwW 201 1 SL 
= _ - ~ + (e) -_—_—_— 
a eR es ee 1 + W2 £10 Qo 


+ 20 log) - exp. (-0. 115 nan) + Ws (2a) 
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If a representative value of 12 db is assumed for W3 (this figure is 
accurate enough for most purposes), the equation becomes: 


panne = 2 +12} +201 l - w\- 
ty + soap Pt > Pn 2 | Wi + Wa °£10 i 2 QL 
+ We (3) 
1 
sre {pes Pa 2 [m+ we +12] +20 10810 [1 - 
L 
exp. (- 0. 115t;4,,)| + ws} (3a) 


Equation (2) may be used to determine the ratio Qz/Q which results 
in the maximum ringing time. The equation is too complex to differenti- 
ate with respect to Q. or Q1/Qp to find conditions for maximum ringing 
time. However, in Figures IIID-2, IlID-3, and IID-4, the ringing time 
is plotted as a function of the ratio Q1/Qp with different values assigned 
to the parameter's pulse length, frequency, and level difference. (These 
curves are reproduced from Reference 9). 


Figure IIID-2 shows the ringing time as a function of Q,/Qo; with the 
pulse length as a parameter. The fact that these curves possess a distinct 
maximum indicates that there is an optimum value for the coupling and 
this value depends upon the pulse length. The maximum moves to the left 
as the pulse becomes shorter, showing that a system with shorter pulses 
can tolerate tighter coupling of the echo box. Figure IIID-3 shows the 
variation in ringing time with coupling with 0 /Q) as parameter. In 
Figure IIID-4, F, the ratio of the voltage input to the echo box at the end 
of the transmitter pulse to the voltage at the same point at the end of ring- 
ing, is varied, This parameter is related to quantities in the ringing time 
equation by 


20 logjo F = Py - Py -2(W, + W,) 
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FIG. Ill D-2 RINGING TIME AS A FUNCTION OF Q, /Qo. 
PULSE LENGTH AS PARAMETER 


Courtesy RAYTHEON MANUFACTURING COMPANY 
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t, (4 SECONDS) 


FIG. Ill D-3 RINGING TIME AS A FUNCTION OF Q; /Q9, W/Qo 
AS PARAMETER 


Courtesy RAYTHEON MANUFACTURING COMPANY 
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FIG. lil D- 4 RINGING TIME AS A FUNCTION OF Q, /Qo, F 
AS PARAMETER 


Courtesy RAYTHEON MANUFACTURING COMPANY 
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These curves show that the coupling to the echo box should be closer for 
systems with small dynamic range. All three sets of curves indicate that 
undercoupling (Q, /Qo very close to unity) results ina much more drastic 
loss in performance than overcoupling (coupling too closely). Since the 
proper value of coupling in a new echo box design is obtained experimen- . 
tally, these curves are not of great value to the designer and serve mainly 
to show qualitatively what effect may be expected from a proposed change. 


IID. 1.2 Theoretical Q — 


The theoretical Q of the cavity, Qr: is the value of Q which is com- 
puted on the basis of cavity dimensions and the conductivity of silver, 
assuming perfect cavity construction and no loading effects. Qy can be 
calculated from the equation given in Section IIIB or by using the curves 
of Q-f/10 on the mode charts, once the cavity dimensions and frequency 
band are known. In practice the actual unloaded Q of the cavity, Qo; is 
not as great as Qy because of imperfections in plating and in achieving 
the ideal cavity shape, as well as deliberate perturbations introduced into 
the cavity. Since the ratio of Qj to Q7 is generally abouj 0. 85 to 0. 90 
and since the loaded Q of the cavity, Q,, is generally about 0.90 Q) to 
0.95 Qo, it can be stated axiomatically that Qr, * 0.75 to 0. 85 Qy approx- 
imately. This relationship can be used to simplify the cavity design 
problem. 


IID. 1.3 Procedure for Determining the Required Theoretical Q 


A required value of Q, can be obtained from the equation for ringing 
time, provided a required value of ringing time and the other parameters 
in the equation are known or can be assumed. If the following assump- 

tions are made: 


Qh, 


W, = 2 db 
and Qr, 0. 80 Qr 
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Equation (2) of Section IIID. 1.1 becomes 


Qr 
t, = t) + 0.0293 aa Pt - Py - 2 (W] + W2) - 21 


-3.93 ft, 
+ 20 log,,| 1 - exp a a 
‘4 


where f is in mes, and t. and ty are in microseconds, To find Qr 


from this equation it is necessary to use a successive approximation 
method. This method consists of assuming an initial value for the charg- 
ing loss, calculating a trial value for Qy, and, by use of this value, cal- 
culating a new value for the charging loss. This procedure is repeated 
until the value of charging loss does not change in the last significant 
digit desired. 


Example: An echo box is to be designed according to the following speci- 
fications: 


f = 9000 to 9500 mes 

t, minimam = 24.5 microseconds 
Transmitter power = 50 kw peak 

ty) = 0.25 microsecond 

Coupling of directional coupler = -20 db 
Cable loss = 3 db 

Receiver band pass = 8 mcs 

Receiver noise figure = 13 db 


The theoretical receiver noise power can be calculated from the relation- 
ship: 
P' = Kr 


where P! theoretical receiver noise power, watts 
n 


-2 
Boltzmann's constant = 1.38 x 10 2 joules per degree 
Kelvin 


A 
i 


absolute temperature (usually taken as 291° K.) 


ce] 
tt 


receiver passband, in cycles per second 
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It is convenient to remember that a receiver with a l-mcs passband has a 
theoretical noise power output of -114 dbm. An 8-mcs receiver has a theo- 
retical noise power 8 times as much, or -105 dbm. The actual receiver of 
this example has 13 db more noise than theoretical, making P, = ~92 dbm. 

The transmitted pulse power = 50 kw or +77 dbm. Therefore, 


Py - Py = 77 -(-92) = 169 db 
Assume a charging loss of -20 db. The ringing time will be least at the 


high frequency end of the band. Atrial value for Qp can be found by sub- 
stituting these values into the ringing time equation. 


‘0.0293 ne [269 -2 (20 + 3) -21 -20| 


24.5 9500 


6 


3.08 x 10° Q, (82) = 253 x 10-6 a, 


Qp = 96 , 800 


From this figure the charging loss is: 


.2 
pees E ee LA IEE 222) = 20.7 ab 
96 ,800 


which is in good agreement with the assumed figure. Therefore, calculation 
of a second trial value for is not required. The required ringing time 
in this example is rather short (2 nautical miles), hence, the rather low 
figure for Qn: 


QID.2 Variation of Ringing Time with Frequency 


The dependence of ringing time on frequency is an important factor 
in the design of an echo box. The ringing time equation (Eq. (2), Sec. 
IiIID. 1.1) shows how ringing time can be expected to vary with frequency, 
assuming constant radar performance. In practice, the pulse length is 
short compared to the ringing time, so the term t) in this equation can be 
neglected. The ringing time,therefore, is proportional to Q/f, and to the 
expression within the brackets. In the bracketed expression, the radar 
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performance term, P, - P,,, is much larger than the other terms. 
Furthermore, these remaining terms do not change greatly over the 
tuning range of a typical echo box. Toa first order approximation, there- 
fore, the bracketed expression can be considered constant. With these 
approximations, the ringing time equation becomes: 


t 2k ae (4) 


To investigate the frequency dependence of ringing time, the most 
obvious approach is to find how Q varies with frequency. An equally valid 
and more convenient approach is to determine how Q/f behaves as a func- 
tion of D/L. To do this, the expression for Qf (Eq. 4, Sec. IIIB. 3) and 
the mode line equation for TE modes will be used. These equations are: 


Oln 
2 3/2} 
D 2 
[1 + 0.168(2) n | 
cae 2.85 =—--5 (5) 
tp 1 + 0,168 (>) aaa 
2 a7 BN" 
(f{D)~ = 2.0707 + . 34799 n (2) (6) 


Raising (6) to the 3/4 power, 
2 
(py?/? = [2.0707 + . 34799 n' (2) ] 


The ratio of equations (5) and (7) is 3/4) 
D 5 Z 
-3/2 E + 0.168(2 ) n (8) 
Q D L 
rs x mie = 1,65 
10 


3 
1 +0.168(? ) ae 


3/4 


(7) 


fin mes, Din inches. 


‘This equation assumes a silver plated cavity. 
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6 


-3/2 
2 x (2) has been plotted as a function of D/L for representa- 
10 


tive values of nin Figure IIID-5. The ordinate of this curve involves the 
factor D because it is not possible to express Q/f as a function of D/L 
(and n) alone, as is possible with the quantity Qvt. However, for a given 
cavity, Dis a constant, so that numerical values of Q/f can be calculated. 
Futhermore, it is the shape of the curves which is their most useful prop- 
erty, and the shape will not depend on D, since a change in D only expands 
or contracts the curves vertically. 


The curves have maxima at values of D/L between 0.2 and 0.5, the 
smaller values of D/L corresponding to larger values of n. This figure 
also shows the curve of maximum Q/f. This curve is a plot of the equa- 
tion 

D 
2 1 -2 ah 
QC) 25. 9e) Se 


3 
( D (9) 
L 
obtained by maximizing Q/f with respect to D/L. 


Frequency increases with an increase of D/L. Hence, a cavity de- 
signed with values of D/L to the right of the maximum of the Q/f curve 
will have ringing time which decreases with frequency. Conversely, a 
cavity operating on the left side of the maximum point will have ringing 
time which increases with frequency. To obtain a cavity with the least 
amount of variation of ringing time across the tuning band, the cavity, 
ideally, should be designed to operate in the region of the maximum point 
of the curve. 


Echo boxes are generally not designed to operate near the maximum 
of these curves, however, because other conditions are not optimum here. 
For example, the maximum tuning ranges, as limited by the presence of 
the TE} (n +1) mode (where n is the operating mode), are relatively small 
within this region; the cavities are far removed from the region of maxi- 
mum Q/V; and finally, such cavities are rather elongated, which means 
that for many purposes they are undesirable for physical reasons. For 
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example, at n= 10, a cavity designed to operate in the region where 
ringing time is nearly independent of frequency, will have a length more 
than three times the diameter. In view of these considerations, the re- 
gion to the right of the maximum points has always been utilized in echo 
box design. Therefore, ringing time will always be greatest at the low 
frequency end of the echo box tuning band. In general, the farther the 
operating region is from the point of maximum Q/f, the greater is the 
variation of ringing time with frequency. This is true even though the 
slopes of the curves of Figure IIID-5 decrease at values of D/L consid- 
erably removed from the points of maximum Q/f, a fact which, consid- 
ered alone, indicates that ringing time variation should be smaller for 
cavities having these dimensions. However, the ringing time variation 
depends not only on the slope of the curve, but also on the value of Q/f. 
Small values of Q/f, such as occur far from the maximum point, over- 
come the effect of the decrease in slope and cause the variation of ring- 
ing time to be large. 


The Q/f curves can be used to compute the expected ringing time 
variation over a specified tuning band, as follows: 


Since t.=K =. ; 
(2), -@) 4 
tro - te] f /, f/, at f 
fd or, = 
= @®) = 
f Jo f 0 


where t,2 and ty) are the ringing times at the high and low frequency ex- ' 
tremeties, respectively, of the tuning band, t,gis a reference value of 
ringing time, usually the mid-band value; and (Q/f),. (Q/f),. and (Q/f) 4 


are the values of Q/f corresponding to ‘ t and is 


gee at respectively. 


Q’ 
Tie 2ercentage variation in ringing time over the tuning band is 
therefore found by reading values for (Q/f),, (Q/f)), and (Q/f)g from 
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Figure IIID-5 and applying the above expression. It is not necessary to 


a2 -3/2 

evaluate D,since, in taking the ratio TeV’ the factor neo cancels. 
— 10 
() 


The Q/f curves, although helpful to the understanding of the ringing 
time dependence on frequency, are not the most practical means of cal- 
culating ringing time variation. An easier means for obtaining the ex- 
pected ringing time variation for a given operating rectangle quickly and 
easily can be developed using the mode shape factor. Curves of this fac- 
tor are plotted in Figures IIID-6, 7 and 8. Since ringing time is propor- 
tional to Q/f, 


oy 


K 


r ar 7 ,3/2 


The mode shape factor, however, has been shown (Sec. IIIC) to be pro- 
portional to Q lf : 


& 
2 


MS = =n =K' Qf 


Qf K MS MS 
Thereicre, th = K —— =— —— = k" 
53/2 K'! 3/2 23/2 


Both MS and frequency are functions of the ratio D/L. 


If D/L is increased by A D/L, the above expression for t, then be- 
comes 
MS + AMS 
t. tat, = K" ————— 
r r 
(f+A £3/2 


The increments AMS and Af result from the increment AD/L. An in- 
crease in D/L increases f, so that Af is positive. In the case of AMS, 
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however, the increment is positive if D/L<1 and negative if D/L>1, as 
can be seen from the MS curves. Rearranging the above equation: 


Atp MS 1+ ee 
_—_ = tt 
tite K" 3/2 3/2 
(14a! 
f 
AMS 
or At, 1+ MS (10) 


l+ = 
f 


This equation can be used to determine the ringing time variation over a 
given tuning band. In the above expressions, t,, MS,and f refer to the 
low frequency end of the tuning band, but they can also be any other set 

of corresponding values, including those at the mid-band frequency. To 
use this expression, the appropriate values of MS are read from the mode 
shape curves and substituted into the expression. In addition, the cor- 
responding values of frequency must be known. 


IND. 3 Q-Lowering Methods for Achieving Uniform Ringing Time 
ee 


If the requirements on linearity of ringing time are too stringent to 
be obtained merely by selecting a suitable region on the mode chart, the 
linearity can be improved by one of various Q-lowering devices. These 
devices improve the ringing time uniformity by lowering the ringing time 
at all frequencies, but have the effect of lowering it more at some fre- 
quencies than at others. Only devices actually used in echo boxes are 
discussed here. 


One technique is that of using two kinds of plating (Ref. 14). Figure 
IIID-9 shows an echo box in which the end plates and most of the cylin - 
drical surface are plated with silver, the cylindrical surface near the 
tuning plunger being coated with cadmium. Cadmium has roughly one 
fourth the conductivity of silver, and its presence lowers the Q of the 
cavity. As the tuning plunger is moved outward, the ringing time 
tends to increase, but as more of the cadmium coated surface is 
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Plunger position at High 
Frequency End of Tuning Band 
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FIG. III D-9 ECHO BOX PLATED WITH SILVER AND CADMIUM TO PRODUCE 
RINGING TIME UNIFORMITY 


exposed, the effective conductivity of the walls decreases, and this factor 
tends to lower the Q and hence the ringing time. If the cavity is designed 
correctly, the ringing time variation in some cases may be made as small 
as 1 per cent over the tuning band. The compensation which is obtainable 
by this technique is quite large, permitting cavities to be designed for 
which D/L>I, and still achieving fair uniformity of ringing time. Cavities 
operating at X-band have been designed for TEp,, operation in the region 
of (D/L)¢ = 2.5. This region is desirable because there are few interfer - 
ing modes here. The ringing time uniformity is very poor, however, and 
ringing time variation without compensation will range in the neighbor - 
hood of 20 to 40 per cent. The type of compensation described above can 
reduce this variation to 5 per cent or less. 


The effectiveness of this dual plating depends upon two factors, the 
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relative conductivities of the two metals and the relative strength of the 
wall currents in the region where the higher resistivity metal is plated. 
In his patent on the process (Appendix 4), Edson suggests other high re- 
sistivity metals to use in conjunction with the silver. If the cavity is 
constructed of brass, the portion of the cavity near the tuning plunger may 
be left unplated, since the brass itself has a lower electrical conductivity 
than silver. Other metals suggested are an alloy of 60 per cent copper 
and 40 per cent nickel, which has a resistivity 25 times that of silver, and 
an alloy of 98 per cent bismuth and 2 per cent tin, which has a resistivity 
140 times that of silver. 


The minimum current in the cylindrical wall for the TEo pn Modes 
is at the ends of the cavity, so that higher resistivity metal placed in this 
region will not be so effective in altering ringing time as would otherwise 
be the case. 


Since for higher modes the variation in L for a given tuning range is 
a smaller percentage of L than at lower modes, the variation in effective 
Q will be smaller. For this reason, cavities constructed to operate in 
higher modes will require metals whose resistivity is greater than that 
of cadmium to produce linearity of ringing time. 


Among the existing echo boxes which utilize the two-metal method 
of obtaining ringing time uniformity are the TS-61/AP, the TS-110/AP, 
and the CXGU. These all operate near 3000 mcs and use cadmium as 
the metal of lower conductivity. 


Linearity of ringing time also may be obtained by a loading loop or 
probe projecting into the cavity and coupling the cavity to a resistive ele- 
ment. This loading increases the power dissipated in the cavity and lowers 
the cavity Q. The loading is made sensitive to frequency so that Q/f re- 
mains substantially constant throughout the tuning range by locating the 
loading loop or probe at a point where the field, and hence the coupling, 
is a function of frequency. The coupling should be greater for lower fre- 
quencies and decrease as the cavity is tuned to higher frequencies. The 
resistor may be a conventional carbon type mounted in a tube attached to 
the cylinder wall. This technique may be used for both coaxial and cylin- 
drical cavities. Sucha coupling device is shown in Figure IIID-10(a). 
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FIG. Il! D-10 LOADING OF ECHO BOXES TO IMPROVE UNIFORMITY 
OF RINGING TIME 
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In the case of the coaxial cavity, a suitable position for the coupling 
loop is at the center, when the cavity is tuned to its highest frequency. 
As the frequency is lowered by moving the plunger outward, the loop is 
no longer at the center, and the magnetic field is no longer zero. The 
coupling and resulting coupling losses increase as the frequency is lowered 
and it is possible to achieve a condition where Q/f is constant over the 
tuning range. 


In using a loop with a cylindrical cavity, the principle is the same. 
A position is selected at which the z-component of the magnetic field is 
zero for the higher frequency. Such positions are easily found from con- 
siderations of the field configuration in the cavity. Ina TEo 2 cavity, the 
z-component of the magnetic field is zero at a position equidistant from 
the cavity ends. For the general case of the TEo ;, Mode, there will be 
(n-1) such zeros along the cavity length, excluding those at the ends. 


The region of zero magnetic field is chosen because the Q should not 
be lowered more than necessary, which implies that there should be no 
lowering at the higher frequency, and because the rate of change of the 
magnetic field with position is maximum at the zeros. 


Another form of the Q-lowering device is obtained by coupling a short- 
circuited section of waveguide to the cavity by means of an orifice. A re- 
sistive element is mounted across the waveguide sufficiently far from the 
shorting plate so that the electric field is strong enough to give the required 
power dissipation in the resistor. This device is shown schematically in 
Figure IIID-10(b). 


IID.4 Variation of Ringing Time with Temperature 
ee ee ee ee ee 


A change in the temperature alters the ringing time in two ways; the 
resonant frequency changes since the cavity dimensions are altered, and 
the Q will change since it is a function of the resistivity, which changes 
with temperature. The variation in frequency is usually negligible, so 
that the change in ringing time depends only upon the change in Q due to 
the change in resistivity of the cavity walls. 


The variation of ringing time with temperature can be found by start- 
ing with the expression for the Q of the TEgo1n Modes. 
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is the skin depth in cm 
is in ohm cm 
is insmcs 
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The resistivity p varies with temperature according to the following 
relation: 


p= (1+ aAT) Py (12) 


where AT is the difference between the actual temperature and that at 
which p, is measured. For silver, a = 0.00211 ohms per ohm per degree 
F, with p, measured at 70° FB. 
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Therefore, 


tot, (be Sry 
2 2 


or 


2 7 = (e) 
thet E .0011 (T - 70 F)] (14) 


where t, is the ringing time at 70° F. 
re) 


This equation assumes that the resistivity of silver is a linear function of 
frequency, which is not strictly true. Figure IID-11 shows a plot of per- 
centage change in ringing time vs. temperature, based on International 
Critical Table values of the resistivity of silver. It can be seen that the 
function departs appreciably from a Straight line. Only a limited amount 
of experimental work has been done on this problem, but the experiments 
seem to verify the accuracy of this curve. 
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FIG. Ill D- 11 EFFECT OF ECHO BOX TEMPERATURE ON RINGING TIME 
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INE AN EXAMPLE OF ECHO BOX DESIGN 


The design of the TS-270/UP echo box will be used as an example illus- 
trating some of the design principles discussed previously. This box, shown 
in Figure ITIE-l, is of World War II design. Its salient characteristics are 


Tuning range as a wavemeter: 2630 - 2970 mcs 


Intended ringing range: 2700 - 2900 mcs 
Inside diameter: 6,140" 

Maximum length: 4.954" 

Minimum length: 3,237" 

Pitch of tuning screw: 32 threads per inch 


The movable plunger is mounted on the end of a hollow shaft having a 
nut on the other end. The tuning knob turns a threaded shaft in this nut 
so as to move the plunger back and forth without causing it to rotate. The 
inner or fine-tuning dial is an extension of the tuning knob. Concentric 
with the inner dial is an outer or coarse-tuning dial, rotated by planetary 
gearing from the inner dial so that it advances one dial division per re- 
volution of the inner dial. The threads on the tuning plunger shaft are 
precision-ground to eliminate any variation of pitch throughout its length, 
and the entire tuning assembly is very carefully made to eliminate any back- 
lash or extraneous motion of the plunger. The extra 70 mcs on either end 
of the ringing range is for possible use as a wavemeter in adjusting radar 
local oscillators. 


The cavity is designed to operate in the TE li mode with a diameter- 
to-length ratio well over one, assuring good freedcm from extraneous re- 
sponses over the band, but providing only average ringing time and consider- 
able variation of Q with frequency. It employs a fixed input coupling loop 
and an adjustable output loop. 


A mode chart for the box is shown in Figure IITE-2. It can be seen 
that, over the frequency range in which ringing will take place, the cavity 
is completely free of interfering modes with the exception of the Ty 14 


mode which is degenerate with the TE In the region in which the cavity 


oll ° 
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FIG. Ill E-1 TS-270/UP ECHO BOX 


Courtesy JOHNSON SERVICE COMPANY 
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FIG. Il E- 2 MODE CHART FOR TS- 270/UP ECHO BOX 
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will be used only for a wavemeter there are some interfering modes, but 
these should cause little trouble. Freedom from interfering modes is a 


characteristic of the lower TEO in modes, and in particular, of the TEOa 


at a diameter-to-length ratio somewhat greater than one. The price that 
must be paid for this feature is that the ringing time is less than can 
be obtained by the use of higher modes. 


The large mode chart in the back of this book covering this region 
(Chart No. 1) shows that the box is close to the line of maximum Q/V, and 


6 
that the line Q Jf = 3 X 10 passes through the operating rectangle. 


The designer should compute a table of values of the different con- 
stants pertaining to the box after he has settled upon a trial design, so 
as to determine the manner in which his proposed box will perform. Quanti- 
cia oe anberese aree. 1) frequency? 28) (EDO )-2- 5). Dslr #). 18/x 


Sy On. (or O72) 6) _ (variation of ringing time with frequency); 7) 


frequency versus dial setting; 8) rate of tuning. The value of c (the 
velocity of light) used here is c = 2.9967 x 10 : cm per second, from which 
the value of A in the equation for the mode lines is computed. 


20 2 
A = 0.141034 X 10 
2 (x) 


fe) 
(for air at 25 C and 60 per cent relative humidity). 


2 
(D/L) is found by substitution into the equation for the mode used; 
in this case the equation is: 


fD ‘ D 7 
( ay = 2.0707 + 0.34799 (2) 


10 


2 
D/L and L are found from (D/L). Q8/A can be found either from the curves 
of Q8/x included in this chapter, or by direct computation from the formulas. 
The formila for Q8/» is: 
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1 
where p = at . This equation becomes, for the TE mod 
er oll 
Vann 
2 5/2 1 
Q8 = 0.610 E + 0.168 R ] x 3 
r 1 + 0,168 R 
D 
where R = Ty: «Skis found from Q8/A as follows: 
2 
8 
rn 8 oa Qr 
g 
1 | 10°p al | -6 
§ = — /——_ = ~—_ 29 x 10 
Qn f an ff ioe? 
6.42 x 10° 
= ae eee cm, where f is in.mes 
2 
: 10 
ne _ * 7 (2.997 x 10°) f (f in mcs) 
ig Yet = eS Se 
= 2 12 
5 5 6.42 X 10° x ¢ X 10 


20 
8.982 x 10 -lr 1.40 x iol 


6.42 x10? — ¢® fale 


Table IIIE-1 gives the values of the various characteristics at 20-mcs in-~ 
tervals throughout the tuning range of the cavity. 
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The theoretical Q, Qn of this cavity varies from 


O.677 x 10° 


11.40 = 295300 


to 


6 
over the entire tuning range. However, it is the variation in the quantity 
QX\ over the ringing band which determines the variation in ringing time with 
frequency, This variation is tabulated in the last column of Table ITIE-2, 
From these values a curve can be plotted for use in the field. Such a curve 
is shown in Figure IIIE-3. 


One undesirable feature of cylindrical cavities is that the resonant 
frequency is not a linear function of the length of the cavity. Therefore, 
if a simple screw is used for tuning, as is done in the case of TS-270 /UP 
and many other echo boxes, the frequency scale engraved on the dial will 
have to be non-linear. However, this Slight inconvenience usually is more 
than offset by the greater simplicity of a linear tuning mechanism, and 
few echo boxes have been designed using a more complex device. The strin- 
gent restrictions on backlash and the requirement for high tuning accuracy 
usually found in the specifications, in addition to the necessity for avoid- 
ing any eccentricity, tipping or wobbling of the movable plate, all point 
toward the desirability of employing the simplest and most rugged tuning de~ 
vice obtainable. Such a device is the simple screw. The screw must be made 
very precisely in order to eliminate any unevenness of pitch, called "drunk- 
enness", 


The TS -270 /uP outer dial is engraved with a frequency scale. In addi- 
tion, for more precise measurements, two curves are provided in the instruc- 
tion manual, One is a curve of dial reading versus frequency, while the sec- 
ond is a curve of mcs per revolution of the inner dial versus the 
outer dial reading, and is therefore a rate of tuning curve, 


Comparison of the maximum and minimum cavity lengths given at the be- 
ginning of this section with those in Table IIIE-1 reveals that the actual 


153 


ea ESL 


WILLOW RUN RESEARCH CENTER ~ UNIVERSITY OF MICHIGAN 
UMM-119 


TABLE IIIE-2 


Tuning Celibration for the TS-270/UP 270 /UP 


i (D /t)* (£D/10") Dial / oe 
aa me/vev. | Dial Reading 


4.94300 1.543 2,608 2630 
18 5.6 
4.78675 1,645 2,643 2648 5 
iy 
4.63050 178 2,683 2667 10 
22 
4.47425 1.883 2.726 2689 15 
24 
AS51800. | 2.022 2.774 eagles 20 
26 
4.16175 2A ty 2,828 2759 25 
29 
4.00550 2,349 2.888 2768 30 
32 
3 84925 2.544 2.956 2800 35 
26 
3.69300 2.764 3059 2836 40 
41 
3.53675 | 3.014 3,120 2877 45 
45 
3.38050 3.299 3,219 2922 50 
48 
23362 8) 2970 54.7 
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cavity will tune slightly beyond either end of the specified tuning range. 
The total motion of the plunger is such as to permit 55 turns of the knob, 
whereas the tuning range is traversed with 54.7 revolutions. The outer dial 
has 55 marks on it, each mark representing 1 turn of the inner dial. The 
inner dial is graduated into 100 equai divisions. Computing the tuning 
calibration will consist of computing the cavity length for each complete 
revolution of the inner dial, and from these values obtaining the corres- 
ponding frequencies by use of the mode equation. The dial is assumed to 
read zero when the cavity is at a length corresponding to 2630 mcs, namely 
3,234", Each rotation of the inner dial adds 1/32" or.0.03125" to the 
cavity length, and 1 to the outer dial reading. The results of the fre- 
quency calibration are recorded in Table IIIE-2, which also includes the data 
with which to plot the rate-of-tuning curve. The two curves themselves 

are shown in Figures IIIE-4 and IIIE-5. 


If an echo box for this band were being designed today certain mcodi- 
fications might be made. Consideration would be given to employing a higher 
mode, to gain additional ringing time and less dependence of ringing time 
on frequency. A desirable THO region exists for this oandwidth, Against 


these advantages of a higher mode, increased size, weight, manufacturing 
difficulty, and cost would have to be considered. 


The new design,assuming that it was found undesirable to go to a 
different mode, would differ from the present design in minor respects. 


1. The tuning range would be restricted to the band of interest, plus 
and minus a very few mcs, because the wavemeter region of echo 
boxes has been found of limited use. In present day radar, 
it is usually not possible to connect to the local oscillator, and 
other means of adjusting the local oscillator are provided. 


2. The dial would be provided with a screw having a coarser thread. 
The 32-thread screw used in the TS-270 was adopted for manufactur- 
ing convenience during the war, since this same screw was em- 
ployed in another echo box. A thread would be selected which 
would make the tuning rate over the ringing region approximately 
ten mcs per revolution, as this has been found an entirely adequate 
rate. A screw of 21 threads per inch would accomplish this. 
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FIG. Il! E-4 RATE OF TUNING CURVE FOR THE TS-270/UP 
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FREQUENCY, MCS 


OUTER DIAL DIVISION 


FIG. Ill E-5 FREQUENCY CALIBRATION CURVE FOR THE TS - 270/UP 
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. With this new screw it would be possible to mark the outer dial 
directly in approximate frequency, so that the outer dial reads 
"280" at 2800 mcs, and when read in conjunction with the inner 

dial would read "2800", the exact frequency. The rough frequency 
scale could then be omitted from the outer dial. 


4, The frequency calibration curve could be dispensed with by pro- 
viding a frequency correction scale, on the outer dial. The read- 
ing on this scale, when added to the main dial reading, would give 
the exact frequency. 


Table IIIE-3 shows the echo box dial readings and the correc- 
tion to be added, based on the values in Table IIIE-e. 


TABLE IIIE-4 


Dial Reading of Modified TS-270 


(Box with 21 threads per inch, adjusted to read correct frequency at 2800 mes) 


old Dial eee ede New Dial Correction 
Reading Reading to be Added 

15 2689 2668 .8 +20,.2 

20 2713 2701.6 +11.4 

25 clog Bi Se24 + 4.6 

30 2768 2767.2 + 0.8 

35 2800 2800 .0 + 0.0 

40 2836 2832.8 + 3,2 

45 2877 2865.6 +11.4 


50 2922 2898 .4 +23.6 
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Figure IIIE-6 shows this correction as a function of frequency 
on the left-hand scale. It is evident that the absolute amount of 
the correction could be minimized by using both positive and nega- 
tive corrections. This makes the dial reading without correction 
more nearly accurate in the event that a user chooses not to make 
the correction. The scale to the right of the graph is computed 

so as to minimize the absolute correction, and shows that the effect 
is to make the echo box read directly in frequency without correc- 
tion with a maximum error of +8 and -9 mcs, 


>. The output loop mechanism could be changed to make the output loop 
adjustable to two positions from the "front panel". The loop could 
ordinarily be completely retracted from the cavity but, by opera - 
tion of the control, could be inserted to a definite depth, adjust- 
able by a set screw. The reason for this change is that the energy 
coupled into the output circuit causes a reduction in ringing time, 
and changing the crystal in an echo box changes the ringing time, 
The insertion of the output loop should be variable since different 
power, pulse length, pulse repetition frequency, directional coupler 
coupling,and crystals influence the echo box meter reading. The out- 
put coupling may be constructed so that there is a two-position ad- 
justment with spring return to the retracted position, so that the 
output circuit will be entirely eliminated when reading ringing time. 
The removal of the loosely coupled output circuit would have no ef- 
fect on the resonant frequency of the echo box. 


1Rcho box crystals can apparently have indefinite liie when carefully 
used. The Johnson Service Company has had several such crystals in almost 
daily use for nine years without apparent change. 
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IiliF THE DESIGN OF COAXIAL AND PARTIAL COAXIAL CAVITIES 


At radar frequencies below 1000 mes, cylindrical cavities for 
echo boxes become too large for convenience. The smallest cavities 
for a even frequency will be found on the TEg,, mode. The region near 
(D/L)* = 2, which is a suitable region for echo box design at L-band fre- 
quencies, will require a box approximately 12 inches long and 17 inches 
in diameter at 1000 mcs. The Q for such a cavity would be in the 
neighborhood of 100,000. At 500 mcs, these dimensions would be 
doubled and the Q would be greatly in excess of what is needed. Hence, 
for low frequency radars the cylindrical cavity does not provide a satis- 
factory design. Echo boxes for these frequencies are usually of the co- 
axial or partial coaxial type. 


The full coaxial cavity differs from the cylindrical cavity in that 
there is a central conductor concentric with the outer cylinder and ex- 
tending the full length of the cavity. This central conductor makes elec- 
trical contact with both the movable and stationary end plates of the cavity. 
The partial coaxial or hybrid cavity has a central conductor which extends 
only a part of the full cavity length and is connected to only one of the 
cavity end plates. The full coaxial cavity is known as a half-wave cavity, 
since the cavity is a half wavelength long. The partial coaxial or hybrid 
cavity is often referred to as a quarter-wave cavity, since the inner con- 
ductor is approximately a quarter wavelength long and the cavity can be 
treated as approximately a quarter wavelength coaxial line. 


IITF.1 The Full Coaxial Cavity 


IliIF.1.1 The Mode Chart for the Full Coaxial Cavity 


The full coaxial cavity has the same types of modes as the cylindrical 
cavity, and the mode equations are of the same form. Because of the 
presence of the central conductor, coaxial cavities are also capable of 
supporting the TEM or transmission line modes. 


For the TE and TM modes, the resonant frequency is given by 


(wey way 


a 
2 
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which is identical with the corresponding formula for the cylindrical 
cavity except that in this case lem is given by the roots of 


Jy (C7 m) Yy (N Tyan) 7 Jo (N lym) Yg (Lg m) for TM modes 


and 
J, (rom) Yp (N lgm) = Jy (N rem) Y (rym) for TE modes 


where Je and Yg are Bessel functions of the first and second kind, 
respectively, 


N = ratio of the diameter of the inner conductor to that of the outer 
cylinder. 


The mode chart equation can be obtained by rearranging (1), analogous 
to the cylindrical case. The resulting equation is: 


2 


ay 03 re Gil ae DY (2) 
ore) a) 
avaa(2) 


From this equation a mode chart can be constructed, exactly as in the 
case of the cylindrical cavity. However, since the value of Tgm depends 
upon N, the intercepts of the mode lines will vary for different values of 
N. Usually it is convenient to use a value of .278 for N, since this ratio 
will result inthe maximum value of Q (see below). Mode charts for 

N = .278 are shown in Figure IIIF-1. In these charts, as in the cylindri- 
cal cavity mode charts, the equation plotted is 


2 
f,.D c crm nZ q 
104 1019, 2 x ae 


Ti 
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Note: The Numbers on the TEM go] Mode 
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FIG. Ill F-1a MODE CHART FOR THE FULL COAXIAL CAVITY, N =.278 
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which is identical with (1) except that i. is in mcs rather than in cycles 
per second. As before, the mode chart coordinate axes are (D/L)? and 
(fD/10*)* . If a value of N different from .278 is used, the designer can 
construct a mode chart, using the data of Figure IIIF-2 which show 
lgm as a function of N. With these curves, the intercepts of the mode 
lines can be found for any value of N. 


In addition to the TE and TM modes, there are the TEM, or coaxial 
line, modes. For these modes the resonant frequency is given by the con- 
ventional standing wave formula for a coaxial line, 


es 


L="3 


where L = length of line or cavity 


A, = c/f,. = resonant wavelength. 


This formula may be rearranged so that it is in the form of the mode line 
equation; that is, 


n oc 
Les 
2 f, 
Solving for f,, 
ec on 
fo OL 


Multiplying both sides by D and squaring, the equation becomes 


2 2 2 
2 c 2/D 2/D 
f a ee ee = antl 
EEO), ae) eee) 
This equation is the mode line equation, with A= 0. By modifying this 


equation as was done with Equation (2) above, a form more suitable for 
plotting on the mode chart is obtained: 


2 2 
=) Gat) (2 
104 | 2x10 L 
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FIG. IW F-2a ry, AS A FUNCTION OF N FOR COAXIAL CAVITIES (TE MODES) 


Courtesy BELL TELEPHONE LABORATORIES 
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FIG. Ill F-2b 1%, AS A FUNCTION OF N FOR COAXIAL CAVITIES (TM MODES) 
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Using this equation, TEM mode lines have been placed on the mode chart 
in Figure ITIF-1. 


The TEM modes have slopes determined by n. A TEM mode has the 
same slope as the TE or TM modes with the corresponding value of n. 
The intercept of all TEM lines, however, is at the origin, so that there is 
no cutoff frequency for these modes. : 


From the mode charts of Figure IIIF-1 it is seen that the TEMp , is 
the lowest mode; that is, for a given value of (D/L)2, 


2 
(42) is smaller for the TEM 90] than for any other mode. This means 
10 

that, for a cavity of given dimensions, the lowest possible resonant fre- 
quency will be that of the TEMj9, mode. The frequency will also be lower 
than that possible for any mode in a cylindrical cavity of the same dimen- 
sions. The coaxial cavity will, therefore, be smaller than a cylindrical 
cavity for a given frequency, and it is this fact which makes the coaxial 
cavity of importance in low frequency echo boxes. Using the TEMgg) 
mode of coaxial cavities, the frequency range 100 to 1000 mcs may 
be covered using coaxial cavities of moderate size. The Q for such 
cavities will not be large, but will be adequate if an extremely long ring- 
ing time is not required. 


The use of higher order TEMgon modes in coaxial cavities is, in 
general, not practical for echo box design. Ifa higher Q is needed, cy- 
lindrical cavities would be used, since they have a much higher ratio of 
Q to volume than coaxial cavities. 


The Q for the TEM modes is given by: 


es 
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where 8 = skin depth 
D = diameter of outer conductor 


a = diameter of inner conductor 


By the methods of elementary calculus it can be shown that, for constant 
D, Land frequency, Q is maximum for N = 0.278. For this reason, the 
coaxial cavity echo box is usually built with N approximately 0.278. In | 
Figure IIIF-3 the mode shape factor is plotted as a function of D/a (= 1/N). 
The curve is observed to have a maximum at D/a = 3.6, or N= a/D = 
0.278. The flatness of the top portion of the curve shows that this value 
of N is not critical and that a 30 per cent variation either way will not 
affect the mode shape factor greatly. 


D/L = 1 


FIG. Ill F-3 MODE SHAPE FACTOR vs. D/a FOR TEMg0} MODE, COAXIAL CAVITY 
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Assuming a value of N = 0.278, the expression for Q becomes 


Qs n 


N 7.182 (3a) 


or, for silver plated cavities, 


oat 467° =" 

10 ay 228s (3b) 
D 
L 


where f-is in mcs. 


On the mode chart of Figure IIF-1, points have been marked on the 
TEMgo) mode line denoting various values of Q Vf/106 . This procedure 
is essentially the same as the plotting of the Q +f lines on the cylindrical 
mode chart, except that, since the only TEM mode of interest is the 
TEMo01, only points are necessary. 


The mode shape factor as a function of D/L is plotted in Figure IIIF-4. 
Using this chart, the variation in ringing time over the tuning band may 
be found by using the formula 


At 1+ 4M8 
1+ ett Ms 
ty ( Af 3/2 
1+ 7 


This expression was derived in Chapter IIID and since, in the derivation, 
no assumptions were made regarding the shape of the cavity, the formula 
applies equally well to coaxial cavities. 


A mode chart is not required to design the full coaxial cavity; formula 
(3a) and the relation L = n\/2 may be used quite easily to determine the 
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cavity dimensions. The length of the cavity is determined by the fre- 
quency; and, with the length specified, the diameter will be determined 

by the required Q. Finding the cavity dimensions is then a straightfor - 
ward procedure which gives the designer no alternative sets of dimensions 
from which to choose. While not necessary, the mode chart does provide 
a method for coaxial cavity design which is analogous to that used for the 
more common cylindrical cavity echo box. Furthermore, in constructing 
the operating rectangle, a better physical "picture" of the design is ob- 
tained, and it is immediately seen where extraneous responses may occur, 
since the extraneous mode lines are present on the mode chart. 


IliF.1.2 Excitation of the TEM 9] Mode 


In the TEM modes the fields do not vary with 8. The electric field 
is directed radially outward from the inner conductor to the outer, and 
its intensity is proportional to 1/p. The magnetic field forms closed loops 
concentric with the cavity axis. The wall currents are radial in the end 
plates and axial in the cylinder wall. The electric field is maximum at 
L/2, while at the same location the magnetic field is zero. The equations 
for the field quantities are: 


1 TZ 1 TZ 
E, 7 Sin L Q 5 Cos 7 
E, = Eg = 0 H, = Hz = 0 


The cavity may, therefore, be excited by three methods: 


1. By a probe in the cylinder wall at L/2, 


2. By a loop placed through the cylinder wall near the end of the 
cavity, 


3. A loop extending through the end plate. 
A loop placed at the cylinder wall must have its plane parallel to the cavity 


axis to give maximum coupling. For end plate coupling, the loop must 
have its plane directed radially. 
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If the operating rectangle is sufficiently large, the cavity may contain 
extraneous modes within the operating rectangle. The first interfering 
mode that will appear will be the TE},,- This mode and others, with the 
exception of higher order TEMogpn Modes and TMomn Modes, could be 
suppressed by radial slots of non-conducting material in the end plates. 
Such slots would be analogous in structure and would serve the same pur- 
pose as the annular rings in the cylindrical cavity end plates. 


In general, the mode suppression techniques for the coaxial cavity 
are similar to those for the cylindrical cavity except that the current flow 
for the desired mode is radial in the end plates and axial in the cylinder 
wall, instead of being in the 6 direction as is the case with the TEoin 
modes of cylindrical cavities. In practice, it is quite unlikely that the 
designer of a coaxial cavity echo box will have to resort to mode suppres- 
sion techniques, since for the tuning ranges usually encountered in echo 
box specifications the operating rectangle will not contain extraneous 
modes. For this reason, a more extensive discussion of possible mode 
suppression techniques will not be given. 


Because of the directions of current flow, a gap at the movable end 
plate is not permissible. The TEM modes have currents which pass be- 
tween the end plates and the cylinder wall. This fact requires that the 
moving parts make good electrical contact with the stationary parts. One 
method of obtaining good contact is shown in Figure HIF-5. The sliding 
fingers are used to give good electrical contact between the moving and 
non-moving parts. If the contacting fingers are of the order of a quarter 
wavelength long, the current at the point of contact will be small, since 
the contact will be made near a current node. A quarter -wave-choke 
type non-contacting short circuit is not suitable for this purpose, both 
because it is a narrow-band device and because the quarter-wave open- 
circuit line constitutes a second cavity of low Q coupled tightly to the 
main cavity, which will have the effect of drastically reducing the Q of 
the main mode. 
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FIG. Ill F-5 CROSS-SECTION OF COAXIAL ECHO BOX (TS - 545/UP) 
SHOWING SLIDING FINGERS 


Courtesy JOHNSON SERVICE COMPANY 


IlIF.1.3 The Tuning Range 


The tuning range possible for a TEM, coaxial cavity in which the 
TE, ,, mode has been excluded from the operating rectangle can be found 
using the mode line equation. For the TEMp,, mode this equation is 


f£D é { D Re 
ae = ,348 ae, 
. 10 
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while for the TE,}, , mode the equation is 


@) ac 
sof = 362 + 348 (— ) 


For the TEMog) operating rectangle to be as large as possible without 
including the TE,,, mode, the ordinate of the upper right-hand corner of 
the rectangle must be equal to the ordinate of the TE, ,, mode at the point 
where this mode line touches the operating rectangle. This statement can 
be justified by reference to the mode chart of Figure IIF-1. For the 
lower corner of the operating rectangle, the TEMpg; mode equation is 


€3) 


while for the upper corner it is 


iT} 
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» 
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“oN 
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The TE,,, mode equation must satisfy the condition 


2 2 
f>D 
(2 ) = . 348 oe hee 
104 Ly 
ae 
. 36 ; — 
pie Lae (tp)? 362 + a8) 


(1D) ms as(2) 
1 


175 


tii 


WILLOW RUN RESEARCH CENTER ~ UNIVERSITY OF MICHIGAN 
UMM-119 


where F is the ratio of the maximum to the minimum frequency. A 
more convenient form is: 


This equation shows that the greatest tuning range will be had for 
small values of (D/L ?. Ina cavity where (D/L)* is in the neighborhood 
of 0.4, which is a typical value for coaxial cavities, F = 1.89. This tun- 
ing range is much larger than required for echo boxes and much larger 
than can be obtained with cylindrical cavities, even when non-crossing 
extraneous modes are admitted into the operating rectangle. If (D/L 2 
is less than 0. 348, it is seen from the mode charts that the first extra- 
neous mode to enter the operating rectangle will be the TEMgo2- If it 
is the TEMpg7 mode which limits the tuning range by its presence in the 
operating rectangle, the tuning range F will be 2. 


IlIF.1.4 Design of the Cavity 


In some respects, designing the coaxial cavity echo box is much 
easier than designing a cylindrical cavity because, as discussed ear- 
lier, there is only one mode from which to choose. Specifying a fre- 
quency and the desired Q determines a point on the mode line uniquely, 
provided Q-/f is within the range of possible values for this mode (0 to 


approximately 1 x 10°). The following is one suggested procedure for 
designing the coaxial cavity. 


The required Q must be found first. This Q@ can be determined if 
the required ringing time is known. The ringing time can be obtained 
from the expression developed in Section IIID.1.1. This equation was 
developed without any assumptions as to the shape of the cavity, so it 
may be applied to coaxial cavities as well as to cylindrical ones. The 
procedure for determining the required Q from the specified ringing time 
was also discussed in connection with the ringing time equation. 


The maximum and minimum cavity lengths, L, and L2 respectively, 
can be found from the relation L = \/2 = c¢/2{. From the required Q, 
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the required diameter of the cavity can be found. To find the diameter, 
Equation (3a) or (3b) or Figure IIIF-3 can be used. Having found the di- 
mensions of the cavity, it will be informative to construct the cavity 
operating rectangle on the coaxial cavity mode chart. 


Knowing the cavity dimensions at both extremes of the tuning range, 
the variation in ringing time over the band may be found, using the rela- 


tion 
A 1+ ame 
ae ty _ MS 
t. Af 
r l+ t 


There remains the task of coupling in and out of the cavity. Coupling 
may be made by means either of a loop or a probe, and at either the side 
wall or the end plate. The choice is left to the designer and depends on 
his preference, and on what sort of coupling appears most satisfactory 
from a mechanical or production standpoint. Having selected a position 
for the input loop, a satisfactory position for the output must be deter- 
mined. The only restriction on the output loop position is that it must be 
sufficiently removed from the input loop so that there is no direct coupling 
between them. If the input loop is in the side wall, the output loop is usu- 
ally placed at the same axial position but separated from the input loop 
by an angle of at least 90°. 


Example: Design of the 18/545 


This cavity covers the frequency range 1150 to 1350 mcs, with a 10- 
mcs overlap on each side of the tuning range. The internal dimensions 
of this cavity are: D = 6.000", a= 1.500", Ly (at 1150 mes) = 5.1166", 
Lo (at 1350 mes) = 4.3474", On calculating the dimensions L, and L_ from 
the relation L = \/2 = c/2 f, it is found that Li = Sol’ and Ly = 
4.3715". The small discrepancy between the actual and the theoretical 
lengths, which is of the order of a half of one per cent, can be attributed 
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to the perturbing effects of the contacting f ngers in the cavity, which 
make the cavity somewhat irregular internally. The ratio of the immer to 
the outer conductor diameters is 1.5 to 6, or 0.25, which is sufficiently 
close to the optimum ratio of 0.278. 


The mode chart coordinates are found to be: 


D 2 fd e 

( ) = 1.3751; i = 0.47610 
Ly 10 
D 2 fod e 

Ca = 1.9047; SS = 0.65610 
Lo ro: 


The operating rectangle has been inscribed on the mode chart of Figure 
IIIF-1(b). t is seen that the TEy 4a mode does not enter the operating 
rectangle. It should be pointed out, of course, that the mode chart was 
constructed for N = 0,278, so that the TE 44 mode is not quite in the cor- 
rect place for the cavity, in which N= 0.250. Actually the TEV. mode is 
displaced a rather small distance upward for N = 0.250. Likewise, the 
calibration of Q Vf /10 on the mode line will not be quite right, since it 
is a function of N. The error here is negligible, however, as can be seen 
from Figure IITIF-4, which shows the variation of Q5/x as a function of 
D/a (= 1/N). The cavity has a theoretical Q ef about 13,600 at the low 
frequency end of the band and about 13,300 at the upper frequencies. 


The expected percentage variation in ringing time over ths band is 


At 1 Neos 
i4=-5 = be 
ty eee 

£ 
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This 6 per cent variation is reduced by the presence of a compensating loop 
which provides the cavity with frequency-sensitive loading. 


The input loop is positioned 0,750" from the front or stationary end 
plate. The output loop is the same distance from the end plate but at an 
angle of 90° from the input loop. The input loop has a 51-ohm resistor 
in series with it to reduce the standing wave ratio in the input Line. 
The compensation loop, which couples to a 200-ohm carbon resistor, is 
located at an angle of 165° from the input loop and is 2.148" from the 
stationary end. In addition, there is a standardizing loop coupled to a 
200-ohm resistor, which is used for reducing the ringing time of each box 
to that of a standard box. This loop is 0.596" from the front end plate 
and has the same angular position as the compensating loop. 


IlIF.2 The Partial Coaxial Cavity 


IlIF.2.1 Design Theory of the Partial Coaxial Cavity 


The partial coaxial or hybrid cavity is similar to the full coaxial 
cavity. These two types of cavities can be used in the same frequency 
ranges, and the two types are of approximately the same size and have 
approximately the same Q. The hybrid cavity has advantages as well as 
disadvantages when compared to the full coaxial cavity. The hybrid 
cavity is tuned by axial movement of the central conductor (Fig. IIIF-6). 
Such a tuning arrangement has the advantage that there are fewer sliding 
electrical contacts. The only moving electrical contact is between the 
central conductor and the supporting end plate. In the case of the hybrid 
cavity there is also less movement of the tuning element to cover a spec- 
ified band. 


The partial coaxial cavity has the disadvantage that it cannot be an- 
alyzed exactly. However, there are methods of treating the cavity which 
lead to approximately correct results. Using such methods, a trial cav- 
ity may be designed. After a prototype has been constructed, some final 
adjustments are invariably necessary. These adjustments are made ex- 
perimentally and consist of such operations as adjusting the insertion 
depth of the central conductor. 


The design formulas which are presented here are based on the 
consideration of the cavity as a coaxial transmission line short circuited 
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at one end and capacitively loaded at the other (Ref. 15). This loading 
increases the electrical length of the line. Figure IIIF-7 shows a coaxial 
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FIG. Il F-7 COAXIAL LINE WITH HOLLOW CENTRAL CONDUCTOR 


line with a hollow central conductor which is terminated at the plane bb’. 
To the right of this plane, the coaxial line becomes a circular waveguide. 
The coaxial line is excited in the TEM mode, but there is no conduction 
in the circular guide because the frequency is below cutoff. There is 
complete reflection from the region to the right of bb' and standing waves 
are set up in the coaxial part of the line. The behavior of the electric 
field in the vicinity of bb' should be noted. The field lines are bowed out- 
ward in the region of bb', so that they extend somewhat beyond this plane, 
but there is very little field as far to the right as dd'. The lines which 
enter the inside portion of the inner conductor are approximately normal 
to plane bb' when they intersect this plane. Therefore, if conducting 
planes are placed at bb! and at dd', the field configuration will remain 
essentially unaltered. If plane aa' is assumed to be the first null of the 
electric field (remembering that there are standing waves in the coaxial 
line), a conducting plane there will likewise have no effect on the field 
configuration. The insertion of the three conducting planes has produced 
a partial coaxial cavity, without greatly altering the configuration of the 
fields. 
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The reason for comparing the partial coaxial cavity to the waveguide 
configuration is that the waveguide configuration has been analyzed. The 
above discussion indicates qualitatively that this same analysis is appli- 
cable to a partial coaxial cavity. 


The coaxial line of Figure IIIF-7 is effectively terminated by an open 
circuit located at the plane cc', at a distance d from the end of the central 
conductor. The capacitance at the region of termination of the central 
conductor has the effect of adding a length d to the central conductor. The 
distance d is a function of the wavelength \ and the quantities D and a, the 
diameters of the outer and inner conductors, respectively. That is, 


wR) eG) at D) 


where = » ge 
F(x) = x log x + ; (sin 1 x = x) 


n=l 


F(x, a) =X log x + S (sin eo - x) 
nei - ee 


x <B, 


By nth root of Jo (7B) = 0 


8 = neh root of Jy (BL) No (a8) - Jy (a8,,) Ng (B,) = 0 
_ This formula is complicated and is in infinite series form, but the 
equation is plotted in Figure IIIF-8, which is taken from the Waveguide 
Handbook (Ref. 15). This curve applies to a transition from a coaxial 
line to a below-cutoff cylindrical waveguide. It is also applicable to the 
partial coaxial cavity. 
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_ The distance between bb' and dd' is not critical, since there is little 
field in this region. In order for this part of the cavity to be below cutoff 
the diameter of the cavity must satisfy the relation 

6920 


< 7S) 
D< ? 


fis in mcs 
D is in inches 


The quantity 6920/f is the cutoff wavelength for the TE,,] waveguide mode, 
which is the lowest frequency mode other than the TEM group. If a wave- 
guide is below cutoff for this mode, it will be below cutoff for all other 
modes. In order for the TE,;) mode generated at the discontinuity to be 
sufficiently attenuated in traversing this section of cylindrical waveguide, 
a one-way attenuation of at least 30 db is required. The attenuation for 
this mode is 


2 
_ 32.0 71D ) 
AD ; ( N (4) 


where A is the attenuation in db per unit length in the same units used for 
Dand \. The length required for 30 db attenuation is 
30 


S = A (5) 


Such a design ensures that the field at the end plate is small and 
good electrical contact between end plate and the cylinder wall will not 
be needed. Furthermore, the presence of the end plate will not signifi- 
cantly alter the resonant frequency as calculated by means of the curves 
of Figure IIIF-8. 


The theoretical Q of the hybrid cavity is 
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Z is the length of the center conductor in inches 
f is in mcs 

D, a, and X are in inches 

In the derivation of this expression, the cavity was considered to be a co- 


axial line with additional losses because of the presence of the shorting 
plate at aa'. If these additional losses are neglected, (5) becomes 


384 D-|f lo = 
Qr = a ee 8 (Ref. 16) (7) 
1+2 


(7) is more useful than (6) for obtaining an approximate value of D, be- 
cause the term involving Z is absent. 


IHF.2.2 Design Procedure 


Designing the hybrid cavity is somewhat troublesome, because some 
of the required constants must be found by successive approximations. 


Assuming that the tuning range and Qp are known, and that a value 
for a/D has been selected, an approximate value of D can be found by 
using Equation (7). After this approximate value of Dis obtained, the 
curves of Figure IIIF-8 can be used to obtain an approximate value for d. 
This value can next be used to calculate Z, the length of the center con- 
ductor, using the relation 


Li = ed (8) 


Having found Z, it is then possible to use Equation (6) to obtain a second, 
and more accurate, value of D, with which the curves of Figure IIF-8 
can again be used to obtain a second value for d. In turn, new values for 
Zand D can be calculated using Equations (6) and (8). It is possible, by 
repeated use of Equations (6) and (8), and the curves of Figure IIIF-8, to 
obtain values for D, d, and Z which satisfy both the equations and the 
curves to the desired accuracy. 
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S, the length of the waveguide -below-cutoff portion of the cavity, can 
be found by use of Equations (4) and (5). The over-all length of the cavity 
is L= Z+S. 


Example: Design of a Partial Coaxial Cavity Echo Box: the TS-544/UP 


The TS-544/UP echo box is designed to operate in the frequency range 
580 to 620. The inside diameter of the cavity is 5.000 inches. The ratio 
N of the central conductor diameter to the cavity diameter is nominally 
0.€25, although the central conductor is not of uniform diameter, being 
tapered toward the end. In fact, the ratio varies between 0.225 and 0.277, 
the maximum value being at the shorting plate which supports the conductor, 


The TS-544 is illustrated in cross-section in Figure IIIF-6. The con- 
struction of the central conductor should be noted, It consists of a por- 
tion supported from the shorting end plate. At the end of this portion are 
contacting fingers which press against a short retractable section. By re- 
tracting this movable section into the remainder of the central conductor, 
the over-all length of the central inductor can be varied, thereby varying 
the resonant frequency. 


Using a value of 0.225 for N, the following data were obtained from the 
curves of Figure IIIF-8, 


a end 
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By constructing a curve of DA vs. end /D from these data, the information 
in Table IIIF-1 can be obtained. Columns 1 and 7 can be used to ovotain a 
curve relating the resonant frequency with the physical length of the cen- 
tral conductor. 

TABLE ITIF-1 


(1) (2) (3) (4) (5) (6) (7) 


f(mes) (inches) = =< d (inches) ~(inches) Z (inches) 
560 21.077 23722 8963 7134 5.269% 4.5559 
570 22 441 24146 .8969 UF LS5 5.1768 4.4634 
580 22 835 24570 8974 Rates: 5.0874 4.3736 
590 23 228 24993 8980 7146 5.0016 4.2870 
600 23.622 .25417 8986 (290 4.9181 4.2031 
610 24.016 25840 8992 (154 4.8374 4.1220 
620 24.409 26264 / 9000 . 7161 4.7594 4.0453 
630 24.803 . 26688 9006 . 7165 4.6838 3.9673 
640 25.197 sofia .9012 7169 4.6106 3.8937 


The theoretical Q of the cavity, as calculated from Equation (6), 
varies from 8800 at 580 mes to 9000 at 620 mcs. These are the frequencies 
at the ends of the specified tuning band. 


At 580 mcs. the distance from the effective end of the central 
conductor to the opposite end plate is appreximately 4.86". Considering 


this portion of the cavity to be a below-cutoff cylindrical waveguide, the 
attenuation for the TE, 4 mode, by Equation (3), is 


32.0 a ee D \ 
= 1 - 
D x 


5.82 db/inch at 580 mcs 
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The round trip attenuation will be 


= 2 xX 4,86":x 5.82 db/inch or 57 db 
which is sufficient. 


Loop coupling has been used. The input locp has been placed at the 
cylinder wall 0.71" from the shorting plate. The output loop has been 
placed at the same distance from the end plate, but 90° from the input 
loop. In addition, the TS-544 has a standardization loop, which permits 
ringing time to be standardized for all individual boxes; this loop is 
located in the cylinder wall near the shorting plate. There is also 4a 
compensating loop, designed to reduce the variation of ringing time with 
frequency, located at the outer conductor in the vicinity of the end of 
the center post. The exact location for this loop (4.043" from the short- 
ing plate} as well as the amount of loading required were determined ex- 
perimentally. 

she relation between the resonant frequency and the corresponding 
length of the central conductor is shown in Figure IIIF-9. The calculated 
value is contrasted with the experimentally obtained value. The curves in- 
dicate that the required length of the center post fora specified fre- 
quency, as calculated from the design curves of Figure IIIF-8, is in error 
by only about 2 per cent, 


The sensitivity of this echo box was measured and found to be 62.5 
yds /db. From this, the loaded Q was calculated to be 6200. The ratio of 
loaded Q to theoretical Q is, therefore, about 0.7. This value is entire- 
ly satisfactory considering that the sensitivity test was made with the 
loading loops adjusted so as to lower the ringing time by about 10 per cent. 
The measurement also suggests that Equation (6) is satisfactory for the cal- 
‘culation of the theoretical unloaded Q. 
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4.1 


LENGTH OF CENTER POST (INCHES) 
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FIG. Il F-9 FREQUENCY vs. LENGTH OF CENTRAL CONDUCTOR, 
FOR TS -544/UP ECHO BOX 
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CHAPTER IV 


MANUFACTURE! 


IVA CONSTRUCTION OF THE CYLINDER 


To ensure sufficient rigidity, echo box cylinders and end plates are 
generally machined from castings. It is also possible in certain designs 
to cast such auxiliary devices as meter mountings and mounts for input 
and output couplers integrally with the cylinder. Except where light 
weight is required, red brass (85 per cent copper, 5 per cent tin, 5 per 
cent lead, 5 per cent zinc) is a satisfactory material. It makes high 
quality castings, is easily machined, and is easily soldered and silver 
plated. If a material of lesser weight is required, an aluminum alloy is 
used. Aluminum is more difficult to cast and to machine, and much more 
difficult to solder and plate. An alloy which has been found satisfactory 
is Al 195 (95 per cent aluminum, 5 per cent copper). 


The casting of cylinder parts is done by conventional casting tech- 
niques. Sand casting has proved successful, but blow holes or sand holes 
may cause trouble if they are located so that the machining of the interior 
of the casting exposes them. Ina good many cases it may be possible to 
fill these holes with solder later in the operation. 


The cylinder may be machined on a boring mill, a lathe, or on more 
specialized production tools. One such tool is shown schematically in 
Figure IV-1. This device machines the inside of the cavity and at the 
same time faces the cavity ends. The inside diameter of the casting is 
about .075"' to . 100" smaller than the finished diameter, and this amount 
of material is removed by the machine in three operations. About . 050" 
of material is removed in the first operation; the remainder is removed 
in the next two operations. The two spindles holding the cutting tools 


‘Much of the material in this chapter was supplied through the cour - 
tesy of the Johnson Service Company and represents their experience in 
the manufacture of echo boxes. 
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FIG. IV-1 STOKER UNIT USED IN MACHINING AN ECHO BOX CYLINDER 


have no linear motion. The cylinder is mounted on a carriage between 
these two spindles and moves toward the first cutting tool, which makes 
the coarse cut. When the coarse machining has been completed, the ma- 
chine automatically moves the cavity across to the other spindle, where 
a finer cut is made. In this operation, less material is removed and the 
speed of the cutting tool is lower, producing a smoother finish. Finally 
a finish cut of about .003'' is made. While the boring is being done, a 
second cutting tool faces the cavity ends, and also provides a ring about 
.058" in depth and about 1/2" wide, into which a gasket fits. 


Before the third or final cutting is made, the interior surface of the 
cavity is examined for imperfections such as blow holes and sand holes; 
these may be ground out and filled with a high temperature soft solder. 
The final machining will remove excess solder and should leave a machined 
surface free from imperfections. Silver plating will then form a surface 
over the brass and the solder, and the echo box quality will be unimpaired. 


Caution should be observed in the choice of the cooling liquid used. 
If the casting is aluminum, oil should not be used. It is difficult to 
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remove all the oil from the pores of the casting, which is essential if the 
cylinder is to be plated. (A solution of baking soda has been found fairly 
effective for cleaning oil from casting). 


In turning the cylinder on a lathe, the rough casting is first clamped 
to a face plate, and the flange on the opposite end igs machined. The cav- 
ity is then turned end for end, and clamped to a special face plate having 
a machined ridge which fits into the gasket ring in the cavity flange. The 
remainder of the casting, including the inside, can then be machined with- 
out removing the casting. Sufficient material is removed from the face 
plate for the boring tool to machine the full length of the cavity interior. 


In drilling or tapping the required holes in the echo box cylinder, 

precautions should be taken not to distort the echo box cylinder. In the 
case of "blind" holes, special care must be exercised so that the drilling 
or tapping instrument does not indent the inside surface of the cylinder. 
It may be found necessary to grind off the end of a standard tap until only 
the complete threads are exposed. This procedure permits the threading 
to extend farther into the hole and reduces the possibility of the end of the 
tap being forced against the bottom of the hole. 


All holes should be drilled sufficiently large or tapped with a thread 
large enough to compensate for the plating which must be done. Other- 
wise, the holes will be too small after the plating and will have to be re- 
tapped or redrilled, which will remove the plating. 


On some echo box models, the input connector is ina region where 
an ordinary die will not have the necessary clearance. In this event, an 
acorn die is recommended. If the clearance is still too small, the nipple 
may be made separate from the cavity and silver soldered into the cavity. 


To make the coupling hole, which is usually keyhole shaped, the hole 
location is first positioned from the nipple. A circular hole is then drilled 
and reamed to size. The remaining portion is then cut. An alternative 
method is to use a broach. A hole, sufficiently large to accomodate the 
broach, is drilled into the cavity; the broach then enlarges the hole and 
gives it the desired shape and size. 
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Many echo box models of a given manufacturer will commonly have 
coupling holes of identical shape and size. Figure IV-2 shows the dimen- 
sions of a coupling hole commonly found in echo boxes using loop-type 
coupling. In the case of orifice coupling, the holes are usually circular. 


.218 +.001" 


144+ 005" — 


125 £.005" 
HOLE 
FIG. IV-2 A TYPICAL COUPLING/USED IN ECHO BOXES EMPLOYING 
LOOP COUPLING 


IVB PLATING 


The plating process is of great importance in the manufacture of 
cavities and must be performed with care. Plating is not done for deco- 
rative purposes or for protection against corrosion, but is used to im- 
prove the electrical conductivity of the cavity interior. This means that 
the plating requirements are stringent. A plating procedure which meets 
the requirements for the first two purposes is not necessarily satisfactory 
from an electrical standpoint. Improper plating is the predominant source 
of trouble in echo box manufacture. 
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Recent investigations have shown that the electrical quality of the 
silver plate is quite critical with regard to the current density used in 

plating, as well as the particular process used. It is noteworthy that the 
best silver plate presently obtainable has a conductivity of only 96 per 

cent that of annealed copper, and a poor plate may have a conductivity as 
low as 55 per cent that of annealed copper. Under laboratory conditions, 
the best plate, insofar as conductivity is concerned, has been obtained by 
periodically reversing the plating current, with use of the following con- 


stants: 
Forward current density - - - - - 18 - 20 amps. per square foot 
Reverse current density - - - - - - 11 - 16 amps. per square foot 
Forward to reverse time ratio - - - 9/4 
Cycling frequency - - - - - - ~ - - 5 per minute 


The best plate obtained by this method displayed about 5 per cent better 
conductivity than the best plate obtained with DC plating. Commercial 
"brightening" compounds, on the other hand, have been found to be detri- 
mental to the conductivity (Ref. 17). 


The plating should be of uniform thickness and at no point should it 
be thinner than the required minimum. Porosity of the plating must not 
be present because it reduces the electrical conductivity and resistance 
against corrosion. Pores may permit solutions to penetrate the plating 
and produce, at the junction of the metals, electrolytic action which ac- 
celerates corrosion. To produce high quality plating, the surfaces to be 
plated must be carefully prepared, smooth, and free from extraneous 
material such as oil films. 


The required thickness of the plating is determined by the skin depth, 
which may be calculated. Practice suggests that the actual skin depth is 
much greater than the calculated value, supposedly due to imperfections 
in the plating, such as porosity. Therefore, the plating thickness should 
be several times the calculated skin depth. At microwave frequencies, 
the required plate thickness is between 0.0005" and 0.001". A plate of 
this thickness will conduct almost all of the wall current. In practice, the 
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required plating thickness may be determined by plating a cavity until 
further plating no longer increases the ringing time. At this point the 
cavity behaves electrically as if it were made entirely of silver. 


Plating procedures have been developed empirically. In plating brass 
or bronze, the following procedure has proved satisfactory. 


1. To aid in uniform deposition of silver, the cavity interior is 
polished with rouge and a buffing wheel. 


2. The cylinder is next rinsed thoroughly in hot water, and then 
cleaned in a 5 per cent or 10 per cent solution of sodium cy- 
anide. This cleaning is followed by a second rinsing with — 
water. (Alkali solutions are not used for cleaning cavities, 
since they cannot be used on aluminum). 


3. The plating electrodes are thoroughly cleaned before each 
production run. 


4. <A silver strike is made. This initial silver plating is done — 
with high current density and the plating solution has a lew 
concentration of silver. 


5. The cylinder is then put into the main plating bath. It is 
plated for about 10 minutes and then removed, rinsed first _ 
with cold, then with hot water, wire brushed and returned 
to the plating bath. This procedure is repeated about three 
times during the plating process. The purpose of the wire 
brushing is to remove any lumps in the plating because sil- 
ver deposited subsequently would tend to increase the un- 
evenness still further. An alternative method is to reverse. 
the plating current periodically, which tends to remove high 
spots in the plate. 


The silver bath has the following composition: 


Silver cyanide 4 av. oz. per gallon 
(weight of silver 3.6 troy oz. per gallon) 
Sodium Cyanide 9.8 av. oz. per gallon 


(weight of sodium 4.6 av. oz. per gallon) 


Sodium Carbonate 6.0 av. oz. per gallon 
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If the cavity is aluminum, some additional steps are necessary before 
plating. After polishing, cleaning and rinsing, the cavity is anodized in 

a solution of 6 av. oz. of oxalic acid per gallon. Alternating current is 
used, with the voltage starting at 5 volts and gradually increasing to 50 
volts as the current drops. It is very important that the anodizing bath 
contain no metal other than aluminum. The hooks holding the work must 
be washed in nitric acid after using; otherwise they will become non-con- 
ducting. 


After rinsing, the work is dipped in a 1/4 per cent solution of hydro- 
fluoric acid to remove silicon (silicon is an impurity found in aluminum), 
rinsed very thoroughly, and then nickel-plated for a time sufficient for 
the work to take on the appearance of nickel. After a rinse, the work is 
ready for silver plating. The nickel plating bath is made as follows: 


Nicke! ammonium sulfate 8 av. oz. per gallon 


Nickel sulfate 4 av. oz. per gallon 
(weight of nickel 2 oz. to 2-1/2 oz. per gallon) 


Ammonium chloride 2 av. oz. per gallon 


Boric acid 2 av. oz. per gallon 
The pH of this solution ranges from 5.6 to 6.2. 


All the baths used are at room temperature, and the temperature is 
not critical. 


An echo box cylinder is plated by placing an anode along the axis so 
that the inside of the cylinder receives more silver than the outside. 
Navy specifications call for all portions of echo boxes to be plated, so the 
cylinders are completely plated with silver. This method is preferable 
to masking the inside of the cylinder and plating the outside separately 
with zinc or some other metal. 


IVC THE TUNING MECHANISM 


A cross-section of the type of tuning mechanism used in many John- 
son Service Company echo boxes is shown in Figure IV-3. The tuning 
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plunger is mounted on the end of a hollow shaft, which slides in a closely 
fitted bearing. The end of the shaft or spindle is provided with a nut 
which fits the threaded drive screw, so that rotation of the drive screw 
causes axial motion of the spindle and the tuning plunger. The spindle 
and tuning plunger are kept from rotating by the spring bellows, which 
is keyed to the shaft at one end and fastened to the end plate of the echo 
box at the other end. The bellows also makes an air-tight joint to keep 
moisture from entering the cavity. 


The drive screw passes through a pre-loaded ball bearing at the dial 
end of the tuning housing and is fastened to the inner dial and knob by a 
lock nut under which there is a small pointer keyed to the drive screw. 


In order to set the dial correctly in relation to the position of the 
tuning plunger, the cavity is completely assembled and the lock nut on 
the end of the drive screw is left loose. The cavity is connected toa 
radar or signal generator operating on a known frequency, and the drive 
screw turned with a screwdriver (a slot is provided for this purpose) 
until resonance in the main mode is indicated by a reading on the res- 
onance indicator, or ringing on the radar scope. The dial is then set to 
read the correct frequency, without moving the drive screw, and the lock 
nut tightened. The position of the small pointer is then marked with a 
prick punch so that if the cavity is ever taken apart, it may be reassem- 
bled without losing its calibration. The punch mark and pointer make it 
necessary to set the plunger depth when reassembling the box to within 
only one-half revolution of the drive screw, which is not difficult. The 
final adjustment is made by realigning the pointer and punch mark, which 
resets the cavity reasonably close to its calibrated position. The outer 
dial is driven by planetary gearing from the inner dial. This dial's only 
function is to count the revolutions of the inner dial and, hence, backlash 
or play in the outer dial mechanism has no effect on the precision of tuning. 
It is convenient to have the outer dial make from 1/2 to about 9/10 of a 
revolution for the whole tuning range. The amount that the outer dial will 
rotate depends upon the pitch of the threads on the drive screw and upon 
the gear ratio between the inner and outer dials. By adjusting these two 
parameters, a convenient arrangement may be found which will suit most 
echo boxes. It is usually convenient to use a standard gear ratio and 
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various standard pitches for the thread, and by selecting one of these 
values for the pitch, the range of movement of the outer dial may be made 
to fall within the suggested range. For S-band echo boxes, a pitch is 
usually selected which will give a tuning rate of the order of 10 mcs 

per rotation of the inner dial. 


The spindle is a critical part of the assembly. It is made of Everdur 
bronze and it and its bearings are honed to close tolerances. Silicone 
grease (Dow-Corning No. 33) is used for lubrication. Everdur is difficult 
to solder so, if soldering is necessary, the end is first copper flashed. 


The drive screw is made of case-hardened steel, and the threads are 
ground on a thread-grinding machine. The thread must be of very high 
quality to produce smooth and accurate tuning with minimum backlash. 


IVD COUPLING LOOP ASSEMBLIES AND RESONANCE INDICATORS 


Coupling loops vary considerably in size and shape. The selection 
of the most suitable one for a given purpose is determined experimental - 
ly. The dimensions of coupling loops used with various echo boxes are 
listed in Table IVD-1. It should be noted that the coupling loop for the 
TS-545, a coaxial cavity, is markedly larger than that for the other cav- 


ities. 

TABLE IVD-1 Dimensions of Coupling Loops 

Echo Box Loop Description Dimensions 

Pips are Sele a pind mie draeinaye eng amit 

TS-270 input has semi-circular end .140" 125" 

14 ABA-1 output has semi-circular end .140" 125" 

TS-275 input has semi-circular end 125" 125" 
output has semi-circular end .140" 125" 

FR-58 input has semi-circular end .156" 125" 
output has semi-circular end .140" 125" 

TS-545 input tear -shaped .531"" =. 300''(approx. ) 
output rectangular .280" .125" 
standard- 
ization has semi-circular end . 375" .125" 
compen- 
sation rectangular .250" .125" 
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The width of the loop is measured from the inside surface of the loop wire. 


Silver plated copper wire has been found to be a suitable material 
for coupling loops. The wire is bent into the required shape with the use 
of hardened steel templates. By this method, the coupling loops may be 
manufactured rapidly and uniformly. The individual sections of the cou- 
pling loop and assembly are plated separately and then assembled. The 
grounded end of the coupling loop is soft soldered to the connector. The 
connector at this point has a small notch in which the end of the loop is 
placed before soldering. 


The resonance indicator is usually a 0 - 100 microampere meter, 
although other sensitivities may be required in order to meet specifica- 
tions. A typical meter circuit is shown in Figure IV-4. The meter most 
used in Johnson Service Company boxes has been the Weston NS-9490. 
The rectifier commonly used is the 1N21-B. A 1 to 2 microfarad 40-volt 
oil impregnated condenser has proved satisfactory. 


Crystal 


== 1 MFD 


Lumped Stray Capacitance 


Output Loop 


FIG. IV-4 A RESONANCE INDICATOR CIRCUIT 


The meter deflection in the case of some boxes is adjustable by 
varying the output coupling, that is, by varying the depth of insertion of 
the output loop. In some boxes, the coupling loop insertion depth is ad- 
justable only by removing the housing from the meter and adjusting the 
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meter loop coupling assembly. In other cases, provisions have been 
made for adjusting the loop depth by controls mounted on the echo box. 
At X-bard, where orifice coupling is used, a vane attenuator may be 
used n~ > output waveguide to provide attenuation between the echo box 
output orifice and the meter probe, as shown in Figure IV-5. 
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FIG. IV-5 METHOD OF VARYING OUTPUT COUPLING IN 
ORIFICE COUPLED BOXES 


Courtesy BELL TELEPHONE LABORATORIES 


IVE TOLERANCES 


The most critical dimensions are to be found in the cylinder, spindle, 
and drive screw. The cylinders on smaller echo boxes have tolerances 
on the order of +. 002"; on larger boxes, this tolerance is corresponding- 
ly larger. On extremely large, low frequency boxes the tolerances may 
be several hundredths of an inch. 


The tolerance on backlash in the tuning mechanism is, for example, 
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about 250 kc on S-band boxes and about 500 kc on X-band boxes. Toler- 
ances on the drive screw threads are held to +.0005"". The use of the 
pre-loaded ball bearing also reduces end play. 


* The angle between the end plate and the cavity axis should ideally be 
90°. Inthe case of a typical S-band box the end plate should not be off 
the perpendicular by more than about . 003"', measured at the cavity wall. 
In an experiment performed on an S-band box by one of the authors, the 
ringing time was measured for various tilt angles. The results are 
shown in Figure IV-6. It can be seen that, for slight tilt, there is little 
effect on the ringing time; but once the tilt goes beyond a certain point 
the ringing time drops rapidly. 


The tolerances on ringing time are usually given in the specifica- 
tions. Typically, the variation of ringing time of an individual box from 
its standard will be about +4 per cent. The permissible variation from 
standard according to the specifications may be as high as -10 per cent 
to +15 per cent. In general, the upper limit of ringing time is not as im- 
portant as the lower; in some cases no limit will be imposed on the max- 
imum ringing time allowable. 


In the production of echo boxes the ringing time variation among the 
boxes of the run is held to +5 per cent unless some trouble is encountered 
which does not permit this degree of uniformity to be met. It is usual to 

' try to keep the ringing time above standard, although the ease with which 
this may be accomplished varies greatly from one model to another, de- 
pending, of course, upon the ringing time standard which has been estab- 
lished for the model. 


IVF SEALING TECHNIQUES 


Echo box cavities are usually sealed to keep out moisture. While 
not air tight, the cavities are sufficiently sealed so that if exposed to 
water for a short time, the inside of the cavity will remaindry. It is 
expected that in a moist atmosphere some water vapor will find its way 
into the cavity over a period of time. 


Moisture may enter the cavity either at the seal between end plates 
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RELATIVE RINGING TIME 


Pi} tye yy 
EE Se aah 
ee 


@ (DEGREES) 
FIG. IV-6 LOSS OF RINGING TIME WITH TILTING OF END PLATE 
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and the cylinder wall, at the coupling holes, or at the region where the 
spindle enters the cavity. Each of these three possibilities must be con- 
sidered in providing a tight seal for the cavity. 


Between the cavity end plate and the cylinder there is a rubber gasket 
which fits in a rim on the cylinder end face and which extends beyond the 
rim by about .003"' to .007''. This gasket provides efficient sealing be- 
tween the cavity cylinder and the end plate. 


The use of the metal bellows to seal the cavity at the tuning end has 
proved to be quite satisfactory, as has the use of rubber gaskets, to seal 
around the coupling loops. It may be expected that more leakage of mois- 
ture into the cavity will occur through the RF couplings than elsewhere. 
In cases where considerable auxiliary equipment is used on the echo box, 
such as resonance indication meters and motors for tuning, the entire 
echo box assembly may be fitted with a cover which will adequately seal 
the equipment against moisture. Some echo boxes are also equipped 
with indicating dehydrating capsules sealed into the cavities. 


IVG OTHER MANUFACTURING DIFFICULTIES 


Serious loss of ringing time is to be expected in the case of coaxial 
or partial-coaxial boxes if even one of the spring fingers makes poor elec- 
trical contact with the side walls. Continuous electrical contact through- 
out the width of each finger is apparently not necessary, but there must 
be one good contact for each finger. 


Another trouble peculiar to the coaxial cavity is a poorly soldered 
stationary end plate. Since the TEM mode requires current between the 
end plate and side walls, a perfect soldered joint must be produced be- 
tween the end plate and side walls throughout the periphery of the end 
plate. 


Glyptal varnish is usually employed for an interior coating to protect 
the plating. Occasionally a sample of this substance will exhibit undesir- 
able characteristics, lowering the ringing time considerably. No reason 
for this variation in quality is known to the authors. 
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If plating salts are not very carefully washed off all parts after the 
plating operation, trouble will develop, particularly if such material re- 
mains on the coupling loops. Residue from chemical cleaning solutions 
used to prepare the cavity for plating will, if not thoroughly removed 
from the surface and from any pores or holes in the surface, eventually 
react to cause detachments or bubbles in the silver plate. 


If the average ringing time for all types of boxes being produced 
begins to decrease, the plating operation should be suspected. Sucha 
tendency can easily be seen if a record is kept of the ringing time of each 
box manufactured. In such cases the boxes will usually be found to ring 
satisfactorily after receiving additional plating. Gradual contamination 
of the plating solutions, or possibly a tendency on the part of platers to 
skimp on plating time in the interests of greater production, are possible 
reasons for such a deterioration in quality of plate. 
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CHAPTER V 


TEST 


VA DESIGN AND ACCEPTANCE TESTS 


A new echo box design or prototype model must be thoroughly tested 
before the box can be put into production. The nature of the responses 
obtained, including both the desired or main mode response and extrane- 
ous responses must be known. 


The tests which are customarily performed on a new echo box are:, 


1. frequency calibration of the dial for the main mode response; 


2. mode search of the operating rectangle for all extraneous modes, 
using a CW signal generator; 


3. determination of the echo box sensitivity, or the rate at which 
ringing time decreases as power to the echo box is decreased; 


4. measurement of ringing time and output meter reading as a func- 
tion of frequency; 


5. search for extraneous ringing time and extraneous meter readings 
using a pulsed source; and 


6. measurement of the effect of non-parallel or tilted end plates upon 
the ringing time. 


VA. 1 Frequency Calibration 


To calibrate the dial for the main mode response, a CW Signal gener- 
ator, a means of detecting the signal, and a wavemeter capable of meas- 
uring frequency very accurately are required. For the signal generator, 

a klystron oscillator, tunable over the echo box frequency band, is satis- 
factory. Because the frequency calibration of the klystron oscillator will in 
all probability be inadequate for this purpose, the precision wavemeter is 
needed. The wavemeter should be capable of measuring frequency (or 
wavelength) to five significant figures. For detecting the cavity response, a 
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sensitive detecting device is required. The echo box resonance indicator 
is not satisfactory for this purpose, since it may not have sufficient sen- 
sitivity to detect resonance in the cavity when a low power exciting source 
such as a signal generator is used. In addition, the meter may not peak 
sharply enough to enable the dial reading to be found with the desired pre- 
cision. The output loop should couple to an oscilloscope with a good am- 
vlifier. A spectrum analyzer, if available, will prove even more useful 
for this experiment and, in addition, will be ideal for the next test, the 
mode search. 


Figure VA-1 shows a laboratory setup for making the frequency cal- 
ibration test. This setup can, with some minor modifications, also be 


input Number 1 


Sg 


R. F. Attenuators 


C.. W. Signal 
Generator 


Spectrum 
Analyzer 


Input Number 2 


Echo Box 


FIG. V A-1 LABORATORY SET-UP FOR PERFORMING FREQUENCY 
CALIBRATION AND CW MODE SEARCH 
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used for the mode search test. The CW signal is fed into the cavity by way 
of the input loop and the response is obtained from the output coupling. 
(The crystal should be removed from the cavity and replaced by a brass or 
copper dummy.) Response represents transmission through the cavity. A 
spectrum analyzer is used to detect the cavity response. By means ofa 
tee connector, the output of the signal generator is connected to the cavity 
input and also directly to the spectrum analyzer, enabling the latter to be 
easily tuned to the signal generator frequency. 


With the signal generator adjusted to produce a CW Signal at a par- 
ticular frequency within the echo box tuning range, the attenuation in the 
No. 1 input channel of the spectrum analyzer is reduced toa minimum, 
and the spectrum analyzer tuned to the output of the signal generator. 
The No. 1 attenuator is then increased to its maximum setting, which 
should remove the signal from the screen, and the echo box tuned until 
its main-mode response (which should be vastly greater than any spurious 
response) appears on the spectrum analyzer screen by way of the No. 2 
input. The echo box dial reading is then recorded along with the signal 
generator frequency as read on the wavemeter. It is advisable to have 
sufficient attenuation (10 db or so) in the output line from the signal gen- 
erator to keep the external circuit from affecting the signal frequency. 
Measurements should be made every few mcs across the entire echo box 
tuning band. Ina typical case, about 30 readings are desirable. Fora 
tuning range of 300 mcs, then, measurements will be at 10 mcs inter- 
vals. 


After plotting frequency versus dial reading, it is useful to plota 
curve of calculated response versus dial setting on the same graph for 
comparison. The theoretical response is calculated from the equation 


[D 2 2>/D 2 where f = frequency 
a) = 2.0704 + .34799n (2) D= diameter 
10 ae L = length 


n = mode index 


To plot frequency vs. dial reading from the above equation, it is necessary 
to correlate dial reading with cavity length. This correlation can be done 
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by measuring the cavity length at various dial settings. Any systematic 
deviation between th. experimental and theoretical curves, or any devia- 
tions exceeding the pi.bable error of the measurements, should be ex- 
amined in detail. It will be useful for this purpose to plot frequency error 
versus frequency, using the theoretical frequency curve as a standard. 


Systematic deviations may be caused by cavity perturbations or peri- 
odic changes in the pitch of the tuning screw. Perturbations cause the ex- 
perimental curve to be displaced to one side of the theoretical one, 
changes in pitch cause the experimental curve to fluctuate, sometimes 
with an easily-noticed period. 


As another method of ereting the data, a mode line can be obtained 
by plotting (f D}* versus (D/L)* Any deviation from a_ straight line can 
be detected fairly easily. 


VA.2 The Mode Search 


Using the apparatus of the previous test, the entire operating rectangle 
must be searched for extranous responses. The sensitivity of the meas- 
uring apparatus can be increased further by connecting the echo box output 
directly to the mixer of the spectrum analyzer. The use of an extremely 
accurate wavemeter is not needed in this test, accuracy to four significant 
figures being adequate. If the signal generator is frequency calibrated or 
has 2 built-in “.vemeter, it will serve to measure frequency. When the 
spectrum analvzer and the signal generator are in tune, the echo box can 
be tuned across the band and all extraneous responses can be recorded. 


The responses obtained are plotted on a mode chart. Since the quan- 
tities measured are ppecuency and dial reading, while the mode chart co- 
ordinates are Cz a and (D/L)2, the mode chart coordinates would 


have to be calculated for each response. This procedure can be avoided 
by marking the operating rectangle of the mode chart with two auxiliary 
scales; the ( f ) axis can be marked with a frequency scale while the 


(D/L)* axis can be marked with a scale of dial reading. In this way, ex- 
traneous responses can be rapidly and easily plotted on the mode chaft. 
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The echo box itself may be used as a frequency meter, provided the fre- 
quency calibration made previously disclosed satisfactory performance in 
this respect. The main mode response is easily identified because of its 
“much greater amplitude and sharpness. The dial reading corresponding 
to the main mode response should be found before extraneous responses 
are noted, since this response locates the proper ordinate on the mode 
chart at which to plot all other responses. The other responses are then 
plotted at this same ordinate, opposite their respective dial readings. In 
this manner an experimental mode chart can be constructed point by point, 
since each change of frequency and the ensuing search for responses 
throughout the echo box tuning range corresponds to a horizontal slice 
through the mode chart. It is desirable to plot the data as the experiment 
proceeds, since doing so permits the experimenter to observe the course 
of events, and to take additional readings where desirable to investigate 
such significant areas of the chart as mode crossings. 


Figure VA-2 shows a sample mode chart operating rectangle. The 
auxiliary scales of dial reading and frequency make the chart adaptable for 
mode searching. The calculated mode lines are drawn relatively lightly 
while the mode lines determined experimentally in the mode search are 
drawn more heavily. 


In the figure it is seen that some of the modes are found where theory 
predicts they should be, while others are somewhat displaced. The dis- 
placement can be attributed to such perturbations as the end plate gap, end 
plate rings, coupling holes and loops, and to a lesser extent, non-parallel- 
ism of the end plates and non-uniformity of the cavity diameter. Some 
modes are stronger than others, and some are not detected at all. Some 
of the modes are detected in spots but not throughout their entire length 
in the operating rectangle. In the neighborhood of crossing modes the re- 
sponses sometimes behave erratically, due to interaction of the two modes. 
In the region of a mode crossing, if one mode appears more strongly than 
another, the weaker one is usually lost in the response of the stronger. 
Figure VA-2 shows an example of this phenomenon where the TM215 mode 
crosses the operating mode. There is a 40 db response level difference 
between the two modes, so that the TM 15 is completely lost when it is 
within 10 or 15 mes of the peak of the main mode,response. As iwo 
responses merge, the weaker one first becomes a small peak on the 
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FIG. V A-2. SAMPLE MODE CHART OPERATING RECTANGLE SHOWING 
RESULTS OF MODE SEARCH 
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larger response curve, then merely a ledge or flattened portion on the 
larger response, and finally is lost completely. 


TMgmo modes, such as the TM mode shown in the figure, present 
a special problem. These modes are almost never detected by the above 
procedure since their resonant frequency is not affected by tuning the echo 
box. If the correct frequency is selected, the TM mo Mode will appear 
and produce a response which does not alter with dial setting (except pos- 
sibly in the region of crossing modes). Modes with zero slope must be 
investigated by searching the operating rectangle in a vertical direction, 
i.e., by altering the frequency of the input signal instead of the dial set- 
ting. The vertical search is more difficult to make than the horizontal 
search, since the frequency of the signal generator has to be altered grad- 
ually, without the instrument going out of oscillation at any time. Simul- 
taneously, the spectrum analyzer has to be kept tuned with the signal gen- 
erator. During this time the experimenter must also look for extraneous 
echo box responses. These three operations can be done simultaneous!y 
by having the attenuation in input No. 1 of the spectrum analyzer adjusted 
so that the response from the signal generator is barely visible, enabling 
the experimenter to keep the spectrum analyzer in tune with the signal gen- 
erator. When a response is obtained from the echo box, it will be super - 
imposed on the response directly from the signal generator. By following 
this procedure, modes such as the TM 310 and the TM3, 1» whose slope is 
nearly zero, will be detected. Because of the difficulty in searching the 
operating rectangle vertically, such searching is recommended only in the 
region where horizontal or nearly horizontal modes are expected. 


If many modes are present in a region, or if a response is, for some 
reason, of particular interest, it will be desirable to stay on one mode 
line, following it along, taking small increments of frequency, say 1 to 4 
mcs at a time, instead of sweeping the entire operating rectangle in steps 
of about 10 iice. 


In regions where two modes cross, the Q of one of the modes may be 
considerably lowered; i.e., its resonance curve may be broadened. This 
phenomenon can easily lead to mistaken identity of extraneous responses. 
An example will show how this mistake is possible. In Figure VA-2 the 
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TM3;] mode crosses the TE mode. In this region the TM is 
resonant at about 3672 mcs. Suppose that a horizontal search across 
the operating rectangle is made at 3677 mcs. At this distance fromr s- 
onance, the TM mode is not ordinarily detected. At the crossover 
point, however, the interaction of the TM3)) with the TE317 mode broad- 
ens the response curve of the former mode so that it gives a small though 
detectable response even 5 mcs from the peak of the resonance 
curve. In tuning past the region of crossover, a response is obtained 
which looks exactly like the response obtained from tuning across an ex- 
traneous mode. It will appear, then, that the TE3)7 mode has been de- 
tected whereas it is actually the TM3, , mode which caused the response. 
The identity of the mode can be verified as follows: With the echo box 
tuned to the apparent TE3)7 response, the oscillator frequency is varied 
slightly. The response will be found to increase as the frequency is de- 
creased Slightly, with the peak falling on the experimentally found TM3)} 
mode line. 


When a response is obtained, its relative intensity and Q may be cal- 
culated. To find the intensity of an extraneous response relative to the 
main mode, the echo box is tuned to the main mode and the attenuation at 
the signal generator is increased until the response on the spectrum an- 
alyzer indicator is reduced to that of the extraneous response. If the 
signal generator has a calibrated attenuator in the output circuit, it can 
readily be determined how many decibels down the extraneous response is 
from the main mode response. Ina good echo box design this reduction 
will be of the order of 40 db for the strongest extraneous responses. The 
Q of the response may be found by detuning the echo box until the response - 
drops to . 707 of its maximum value (the half power point). The Q is given 
by 


where f oo frequency at peak of resonance curve 
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>? f = frequency at upper and lower 0.707 amplitude points 
respectively 
f D ; 
age the square root of the mode chart ordinate 
10 


VA.3 Ringing Time vs. Frequency 


The ringing time test usually is the most difficult and time consuming 
one. In this test, the object is to determine the ringing time and meter 
reading as a function of frequency throughout the tuning band, find the echo 
box sensitivity, and in addition, discover extraneous ringing and meter 
readings. In brief, the test is carried out by measuring the ringing time, 
measuring the radar performance, and correcting the ringing time to some 
arbitrarily chosen standard performance. The echo box is then tuned 
across the band to search for extraneous ringing and meter readings. 


Because of its relative difficulty and the large amount of equipment 
involved, various suggestions have been made for avoiding this test and 
substituting more easily performed tests. However, this test is the most 
important one from the standpoint of determining the ultimate usefulness 
of the echo box, and no substitute has yet been found. 


The most satisfactory test setup consists of a radar tunable over the 
band covered by the echo box, together with adequate equipment for de- 
termining the over-all performance of the radar at each frequency to which 
it will be tuned. Auxiliary equipment may consist of a signal generator - 
power meter combination, a signal generator plus a separate power meter, 
and if available, a second echo box whose characteristics are known ac- 
curately throughout the band. In addition, a vacuum-tube voltmeter ca- 
pable of measuring signai voltage at the radar second detector and an 
oscilloscope or synchroscope (such as the DuMont 256-D or E) capable of 
measuring ringing time accurately and furnishing a trigger to the radar 
will be required. If a tunable radar covering the band is not available, 
other expedients may have to be employed. 


In the absence of a tunable radar a pulsed signal generator can be 
substituted for the radar transmitter. The signal generator output may 
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be fed into the echo box input, while the radar receiver is connected to the 
echo box output. Thus, ringing is accomplished "through" the box, ina 
fashion similar to the way in which the mode search is made. This ar- 
rangement is more satisfactory than connecting the echo box input to a tee 
connector located in a cable leading directly from the pulsed signal gener - 
ator to the receiver mixer. The second method eliminates the necessity 
for two connections to the echo box, but is likely to give poorer results 
because of its much greater sensitivity to the effects of impedance mis- 
matches at the echo box, radar mixer,and signal generator. If sufficient 
power is available, attenuation may be introduced into all lines to minimize 
these effects. However, most available signal generators do not have suf- 
ficient power output to permit attenuation to be introduced without losing 
too much ringing time. . 


The pulsed signal generator method of checking ringing time is not a 
desirable alternative to using a radar. Despite its greater simplicity and 
ease of operation, this method is undesirable because the power level dif- 
ference existing at the echo box is likely to be different from that occur- 
ring during normal operation of the echo box, which precludes the possibil- 
ity of correctly adjusting the input and output couplings. At best this 
method will provide data to determine wnether the ringing time varies 
erratically with tuning. Usually the ringing time will be very short unless 
the length of the pulse from the signal generator is much greater than the 
usual radar pulse length. It is not possible to connect the echo box meter 
when using the "ring-through" method, and when using the second, or tee 
method, the meter reading will, in all probability be zero. Therefore, 
questions regarding meter readings and spurious meter indications will 
remain unanswered. 


The pulsed signal generator test is more sensitive to spurious ringing 
than the radar test. The reason for the increase in sensitivity is that no 
TR is included in the circuit, and ringing can be seen to the end of the 
signal generator pulse, since the loss of sensitivity during TR recovery 
is eliminated. 


In order to correct the ringing time readings to be standard perform- 


ance, it is necessary to know the echo box sensitivity. From the ringing 
time equation [Equation (2a), Sec. IlI- D] , it is seen that the sensitivity, 
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in decibels/microsecond, is the reciprocal of dj, the decrement. The 
sensitivity is somewhat frequency dependent and therefore should be meas- 
ured near the echo box mid-band frequency for a most representative value. 
It may be desirable to measure the sensitivity at several frequencies, par- 
ticularly if the variation of decrement with frequency is large. 


The method of determining the sensitivity (Sec. IIA.5) consists of ee 
measuring the ringing time twice, one of the measurements being made _ 
with a known amount of attenuation in the cable leading to the echo box. * 
The echo box sensitivity is the difference in the ringing times divided by 
twice the amount of attenuation. Certain cautions must be observed when 
making this test. Attenuator pads must be well matched and accurately 
calibrated. Even the best coaxial pads change attenuation as the frequency 
is changed. They are physically delicate, and the coaxial connectors tend 
to break or wear out with use. It is advisable, therefore, to calibrate 
them before use if the necessary equipment is available. A good standard 
for comparison ina substitution-type calibration is a waveguide -below-. 
cutoff attenuator such as is incorporated ina spectrum analyzer of good 
design (Ref. 2). 


In performing the sensitivity measurement, pads of various values. - 
should be used. The ringing time should be read at least 5 times for each 
measurement, and the readings averaged. Throughout the test, a chetk ~ 
should be made on the constancy of radar performance, by making meas- 
urements of the ringing time without attenuation, before and after the, ting - 
ing time has been measured with the attenuator in the line. tf the radar 
performance is not constant, the difficulty should be found and corrected 
before continuing. ee 


The sensitivity may also be measured using the pulsed signal genéra- 


tor setup mentioned previously, provided enough power output is available a‘ 


the difference in ringing times divided by the difference between the two |. 
signal generator attenuator settings. In this case, the energy passes blit” _ 
once through the attenuator, and the factor two is deleted. 
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Whatever method is used, it is advisable to make several measure- 
ments so that a plot of ringing time versus attenuation can be made. If 
these are all made at the same frequency, it should be possible to fit a 

straight line to the resulting series of points. 


After obtaining the sensitivity of the echo box, it is possible to pro- 
ceed to the ringing time measurements proper. The radar performance 
must be measured immediately before the ringing time measurement is 
made, and for a safeguard it should be measured immediately afterward 
as well. 


Figure VA-3 shows one possible experimental setup for performing 
the test. A typical test is made as follows: First the radar is tuned to 
the desired frequency. Before any measurements are made, the spec - 
trum analyzer (or echo box) is used to examine the radar Spectrum. The 
spectrum should be of satisfactory quality for good results. The quanti- 
ties to be measured are: 


1. transmitter output power, 
receiver sensitivity, 
ringing time of auxiliary echo box (if available), 


2 

3 

4. ringing time of test echo box, 

5. meter reading of test echo box, 
6 


radar frequency. 


While the order in which the measurements are to be made is flexible, the 
order listed is entirely satisfactory. 


To measure the transmitter power, the power meter is coupled to the 
radar through the directional coupler. In general, additiongl attenuation 
between the radar and bridge is required to reduce the power level toa 
value that can be measured with the bridge. Average output power, ex- 
pressed in dbm, is the bridge reading in dbm plus the attenuation of pads 
and cable, plus the directional coupler loss. Since the bridge reads aver- 
age power, the duty cycle of the radar has to be taken into consideration if 
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the peak power output is to be recorded. It is not important, however, 
whether peak or average power is used, since the two differ only by a con- 
stant, provided the pulse width and repetition frequency remain constant. 
Measuring the receiver sensitivity is somewhat more involved. A CW 
signal at the radar frequency is fed into the directional coupler and meas- 
ured by a vacuum tube voltmeter connected to the output of the second de- 
tector. The meter must be zeroed with the gain of the receiver at zero so 
that the zero-signal voltage of the detector is eliminated from the readings. 
In addition, a resistor of the order of 0.1 megohm must be placed in series 
with the meter lead at the second detector to prevent oscillations when the 
meter is in the receiver circuit. The measurement is made by increasing 
the receiver gain until the noise voltage measured by the meter is 0.7 volt. 
The signal generator output is then increased until the meter reading is 

one volt. When this has been done, the signal injected into the receiver is 
equal to the noise signal. The noise signal, although developed within the 
receiver, can be treated as a signal injected into the receiver. The re- 
ceiver sensitivity can be defined as the magnitude of signal which, when 
injected into the radar receiver, is equal to the noise signal actually pres- 
ent in the receiver. It is advisable to measure the signal generator output 
externally rather than to trust the internal calibration. The amount of 
power injected into the radar for the condition of signal = noise is too small 
to give an indication on a thermistor bridge. The signal generator output 
must therefore be attenuated by a known amount before it is injected into 
the receiver, and the unattenuated power level measured on the bridge. 


In case the radar proves to have low sensitivity, it should be "peaked 
up" before proceeding further. 


The box under test is then connected and the ringing time measured, 
at least five readings being taken and averaged, and the output meter read- 
ing recorded. The ringing time of the auxiliary echo box is read, and the 
frequency measured either by an auxiliary wavemeter or one of the echo 
boxes. 


The radar performance should be measured again to make sure nothing 


has changed, and finally the box under test is tuned slowly through its 
entire tuning range in a search for extraneous ringing and meter readings. 
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The forezoing se.ies of measurements suculd be performed on each 
run as rapidly as possible, since the radar performance is continually 
changing and the rade» “requency is ; abject to drift. 


Measurements should be made at a sufficient number of different 
frequencies to provide adequate coverage over the tuning range of the echo 
box, and additional measurements should be made where there are crossing 
modes or where previous measurements indicate u explained fluctuations 
in ringing time. 


When the measurements are completed, the ringing time and res- 
onance indicator meter readings are corrected to standard performances. 
Some convenient value, fairly near to the median performance level ob- 
tained in the experiment, is selected arbitrarily as the standard perform- 
ance,and ringing time values are corrected to this level. This is done by 
multiplying the echo box sensitivity in yards per decibel by the difference 
between the standard performance level and the actual performance ob- 
tained for that run and adding or subtracting the resulting number of yards 
to the ringing time of the box. 


In correcting the echo box resonance indicator reading to standard 
performance, it must be remembered it is the transmitter power only, 
rather than the radar performance, which affects this meter. Corrections 
on the observed meter readings, therefore, are made only for variations 
in transmitter output power. To make the correction, the manner in which 
the echo box meter reading varies with the input power io the echo box 
must be understood. The relation is a complicated one, since the crystal 
characteristic is non-linear, and the power level in the echo box as a func- 
tion of time varies exponentially. If variation of input power is small (up 
to 20 per cent) the correction can be made by assuming the meter deflec- 
tion to be proportional to the input power. 


The corrected ringing time and meter readings can now be plotted as 
a function of frequency. In addition, the ratio of ringing time of the ex- 
perimental box to the auxiliary box should be plotted as a function of fre- 
quency. This procedure aids in uncovering irregularities in the measure- 
ments. For example, if the corrected ringing time differs markedly 
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from the measured ringing time due to a large correction for radar per- 
formance, but the ringing time of the two boxes and the ratio of ringing 
times are not much different from the usual values, the indication is that 
the performance measurement is in error. 


The plotted points fall in a band across the tuning range. In general, 
two measurements made at the same frequency may differ from each other 
by 10 per cent or more. The reason for this difference is that there is ex- 
perimental error in making the measurements. For example, ringing 
time measurements cannot, by their nature, be made precisely. Experi- 
mental error may be fairly large in the performance measurements, and 
of course, the performance can change while it is being measured or be- 
tween the performance measurement and the ringing time measurements. 

A number of points should be plotted and a smooth curve drawn through 
the center of the distribution. 


In the regions of crossing modes the ringing time may drop markedly. 
This phenomenon is called a "hole'’. The ringing time should be investi- 
gated thoroughly in this region. If holes are found or are anticipated at 
some region in the echo box tuning range, it will prove time-saving to 
investigate these regions by taking the ratio of ringing time of the echo 
box under test to that of the auxiliary echo box. Over the relatively small 
tuning range involved, the ringing time of the auxiliary box may be consid- 
ered constant; hence, the ratio of ringing time for the two boxes is a 
measure of the corrected ringing time for the box under test. By simplify- 
ing the procedure in this way, a curve of ringing time vs. frequency with 
numerous points can be obtained in a short time and the behavior of the 
box in the region of the anomaly can be investigated in detail. 


It is also useful to investigate the effect of tilting the end plate on 
ringing time. By so doing, an idea of the necessary tolerances on end 
plate alignment will be obtained, information which is needed in the pro- 
duction of the echo box. The test should be performed with the rubber 
gasket between the end plate and the cylinder removed (Sec. IVE). 
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VA.4 Adjustment of Coupling 


Coupling loop or hole sizes must be adjusted empirically, preferably 
under conditions identical to those the box will meet in the field. A proto- 
type box is generally constructed with the input ‘and output couplings de- 
liberately left somewhat smaller than is believed to be necessary, until 
ringing time measurements and meter readings are made. The first re- 
sults should indicate that the coupling is, in fact, too loose. A slight 
increase in input coupling is then made, and the ringing time measured 
again on the same radar. Results should’be corrected for radar perform - 
ance as before, especially if considerable time elapses between tests. 

The input coupling should be adjusted first and the coupling hole or loop 
size should be plotted versus ringing time. Frequently it is desirable to 
continue the process slightly beyond the point of optimum coupling in order 
to determine this point. The meter coupling can‘then be adjusted until the 
meter reading is about half scale. 


In case the radar used for the test differs from that for which the 
box is designed such that the level difference at the echo box is not the 
same, the input coupling should not be adjusted for maximum ringing time, 
but instead made slightly greater or Slightly less than this value. Figure 
MID-3 in Section HID shows the variation in optimum coupling as F, the 
level difference, is varied. It can be seen from this figure that the greater 
the level difference, the looser is the coupling which gives maximum 
ringing time. Therefore, if the radar for which the box is to be used has 
a greater level difference than the one used for testing, the input coupling 
should be left slightly looser than that resulting in maximum ringing time 
on the test radar, and vice versa. It should be borne in mind that these 
differences in optimum coupling are rather small, and that too loose a 
coupling has a much more drastic effect on ringing time than too tight 
coupling. 


VB PRODUCTION TESTING 


It is necessary to make routine tests on newly manufactured echo 
boxes in order to keep the quality of the product up to specifications and 
to detect anomalies which may have crept into the product. It can be ex- 
pected that more trouble will occur near the beginning of a production run 
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from the measured ringing time due to a large correction for radar per- 
formance, but the ringing time of the two boxes and the ratio of ringing 
times are not much different from the usual values, the indication is that 
the performance measurement is in error. 


The plotted points fall in a band across the tuning range. In general, 
two measurements made at the same frequency may differ from each other 
by 10 per cent or more. The reason for this difference is that there is ex- 
perimental error in making the measurements. For example, ringing 
time measurements cannot, by their nature, be made precisely. Experi- 
mental error may be fairly large in the performance measurements, and 
of course, the performance can change while it is being measured or be- 
tween the performance measurement and the ringing time measurements. 

A number of points should be plotted and a smooth curve drawn through 
the center of the distribution. 


In the regions of crossing modes the ringing time may drop markedly. 
This phenomenon is called a "hole". The ringing time should be investi- 
gated thoroughly in this region. If holes are found or are anticipated at 
some region in the echo box tuning range, it will prove time-saving to 
investigate these regions by taking the ratio of ringing time of the echo 
box under test to that of the auxiliary echo box. Over the relatively small 
tuning range involved, the ringing time of the auxiliary box may be consid- 
ered constant; hence, the ratio of ringing time for the two boxes is a 
measure of the corrected ringing time for the box under test. By simplify- 
ing the procedure in this way, a curve of ringing time vs. frequency with 
numerous points can be obtained in a short time and the behavior of the 
box in the region of the anomaly can be investigated in detail. 


It is also useful to investigate the effect of tilting the end plate on 
ringing time. By so doing, an idea of the necessary tolerances on end 
plate alignment will be obtained, information which is needed in the pro- 
duction of the echo box. The test should be performed with the rubber 
gasket between the end plate and the cylinder removed (Sec. IVE). 
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VA.4 Adjustment of Coupling 


Coupling loop or hole sizes must be adjusted empirically, preferably 
under conditions identical-to those the box will meet in the field: <A proto- 
type box is generally constructed with the input and output couplings de- 
liberately left somewhat smaller than is believed to be necessary, until 
ringing time measurements and meter readings are made. The first re- 

“sults should indicate that the coupling is, in fact, too loose. A slight 
increase in-input coupling is then made, and the ringing time measured 
again on the sarne radar. Results should be corrected for radar perform- 
ance as before, especially if considerable time elapses between tests. 

The input coupling should be adjusted: first and the coupling hole or loop 
size should be plotted versus ringing time. Frequently it is desirable to 
continue'the ‘process slightly beyond:the point of optimum coupling in order 
to determine this point. The meter coupling can then be adjusted until the 
meter reading is about half scale. 


In case the radar used for the test differs from that for which the 
box is designed-such that the level difference at the echo box is not the 
same, the input coupling:should not be adjusted for maximum ringing time, 
but instead ‘made‘slightly greater or slightly less than this value. Figure 
ITID-3 in Section IIID shows the variation in optimum coupling as F, the 
level difference, is varied. It can be seen from this figure that the greater 
the level difference, the looser is the coupling which gives maximum 
ringing time. Therefore, if the radar for which the box is to be used has 
a greater level difference than the one used for testing, the input coupling 
Should be left slightly looser than that resulting in maximum ringing time 
on the test radar, and vice versa. It should be borne in mind that these 
differences in optimum coupling ‘are rather small, and that too loose a 
coupling has a much more drastic effect on ringing time than too tight 
coupling. 


VB PRODUCTION TESTING 


It is necessary to make routine tests on newly manufactured echo 
boxes in order to keep the quality of the produci up to specifications and 
to detect anomalies which may have crept into the product. It can be ex- 
pected that more trouble will occur near the beginning of a production run 
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than later, so a closer check should be made at this time. The diameters 
should be measured to ensure that the boring equipment has been properly 
set, and checks made on the perpendicularity of the end plates with the 
side walls. 


Routine visual inspection of the interior surfaces of each box is made 
after the second machining operation in order to detect blow holes and 
sand holes in the castings, and a similar inspection is made just prior to 
Silver plating. 


Upon completion each echo box is checked for ringing time on a radar, 
usually at only one frequency. The ringing time is compared with that 
measured using the previously established ''standard" box, and the per- 
centage difference is then stamped on the meter housing. Boxes ringing 
longer than the standard are marked with a plus (+) sign; boxes ringing 
less, with a minus (-) sign. 


In some echo boxes, such as the TS-545, a "standardization loop" is 
used to equalize the ringing of all boxes to that of the standard. In such 
cases this loop with its associated resistor is inserted at the time of the 
ringing check, and its coupling adjusted until the ringing time is decreased 
to that of the standard. It is, of course, necessary that the box under test 
be capable of ringing longer than the standard box; therefore, the ringing 
time of the standard should be sufficiently low for the majority of pro- 
duction boxes iv be adjusted downward to it. 


Echo boxes with abnormally low ringing time must be corrected. The 
most common cause of low ringing time is defective or insufficient silver 
plate, and the next most common cause ‘s misalignment of the cavity end 
plates. In the case of coaxial or partial-coaxial cavities, a common 
cause is poor electrical contact at the spring fingers. Lack of perfect 
alignment of the end plates causes a great amount of trouble in some 
types of echo boxes. At X-band the tolerances are very small and a box | 
with an end plate which is very slightly tilted, or not parallel to the oppo- 
site end plate, may show a considerable reduction in ringing time. These 
distortions are also likely to cause trouble by coupling to undesired modes. 
Extraneous modes, if they exist within the operating rectangle (and they 
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usually do), can also be excited by any other lack of symmetry in the box, 
such as a movable end plate (tuning plunger) that is off center, or not con- 
centric with the cavity axis. A detailed search for extraneous ringing or 
extraneous meter readings is ordinarily not performed on each box pro- 
duced, and so the only check on the quality of the cylinder is made by 
adhering to close mechanical tolerances in manufacture and assembly. 


On models in which rejections tend to be high, a pre-assembly ringing 
test will prove saving in time and money. In this test the cavity is tested 
for proper ringing before the tuning mechanism is assembled, tuning being 
accomplished by tapping the plunger gently with a mallet. 


Meters should be checked electrically before installation. An occa- 
sional meter is found whose resistance differs from the usual value, and 
its performance, if installed, will not be the same as the normal meter. 


Occasionally, difficulty has been encountered due to change in the elec- 
trical characteristics of crystal rectifiers. A crystal holder design suit- 
able for a particular crystal may not produce enough meter indication 
when used with the same type of crystal obtained from the same manufac - 
turer, but from a later production run. Since the use of crystals as rec- 
tifiers in echo box meter circuits is subsidiary to their prime function, 
which is to serve as mixers in radar receivers, presumably the changes 
which occur in crystal performance are in the interests of better perform- 
ance aS radar mixers. If the change in characteristics seriously alters 
the meter readings, the only recourse is to redesign the crystal mount so 
that it is suitable for use with the newer crystal. During the ringing check 
which each box receives, it is therefore desirable to record the meter 
reading also, so that such effects can be discovered, as well as defects 
in the tuning indicator circuit of particular boxes. 


Some echo boxes are equipped with a motor driven plunger. The 
motor imparts to the plunger a reciprocating motion, so that the echo box 
is continually tuned across a small band. On such boxes, after assembly 
and calibration, the motors should be run for a time, during which the 
lubrication is checked and any tendency to overheat is discovered. 
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A test for backlash in the tuning mechanism is made on each box 
manufactured. This test is performed while the box is connected toa 
radar by approaching resonance first in one direction, then in the other. 
The dial readings corresponding to the same meter reading in each case 
are recorded, and the difference between them is a measure of the 
amount of backlash. The sensitivity of this test is increased enormously 
if, instead of tuning to the peak of the resonance curve, as indicated by 
maximum meter reading, a point on one side or the other is chosen; for 
example, one of the points where the meter reads two-thirds of its max- 
imum value. This procedure avoids using the relatively flat top of the 
resonance curve whose exact frequency is somewhat indeterminate. For 
best results the test should be performed rapidly to minimize effects of 
radar frequency drift and power output variation. 
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CHAPTER VI 


SPECIAL ECHO BOXES 


VI A UNTUNED ECHO BOXES 


The concept of an untuned ringing cavity is an attractive one. Elimi- 
nating the tuning control simplifies an already simple device, removes a 
possibility for incorrect adjustment, and makes it unnecessary to locate 
the box within reach of the radar maintenance man. The only adjustment 
needed is a means for switching energy into the cavity when required, and 
this means can be as simple as pointing the radar antenna in the direction 
of a pickup dipole connected permanently to the cavity. Although some of 
the disadvantages of such a device are very serious, for some applications 
the untuned echo box is entirely satisfactory. 


A cavity which has a very large number of modes located very close 
together will be essentially "in tune" no matter what the excitation fre- 
quency is. This is the principle of the untuned cavity. It was stated in 
Section IIA. 5 that any cavity is capable of resonating at an infinite number 
of frequencies. This statement, while true for any cavity resonator con- 
tains no information about the number of resonances to be expected within 
a finite frequency band. The corollary statement which is important here 
is that the resonances are closer together as the frequency increases, 
i.e., as the cavity dimensions become large compared to the exciting 
wavelength. Therefore, one way of making an untuned echo box is to 
make a very large one. This approach also results in a high Q, since Q 
increases with volume.! 


'The increase in ringing time with volume can be seen from the limit- 
ing case, the earth. In 1893, J. J. Thomson (Lord Kelvin), calculated 
that electromagnetic energy in a hollow copper sphere the size of the earth 
would decrease to 37 per cent of its initial value in about five million years 
(Ref. 10). 
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A more sophisticated approach is to choose a configuration which 
results in the required distribution of modes in the smallest possible 
volume. It may be possible to find a cavity shape which will support a 
large number of non-degenerate modes, and then to determine a cavity 
size which will allow a sufficient number of these modes to exist within 
the frequency band of interest. Since any symmetry about an axis allows 
the oscillations which occur in directions perpendicular to that axis to re- 
duce to the same frequency, or to become degenerate, it is apparent that 
a resonator shape having little or no symmetry is desirable (Ref. 18). A 
rectangular prism is such a shape. The resonance of such a box is 


wo nlf) +) + (2) 


Tr 


where A, B and C are the cavity dimensions, and £, m,and n define the mode. 
It turns out that if the dimensions A, B and C are incommensurate (i.e., 

no common factors) when examined in pairs, and in addition, differ from 
each other by approximately a quarter wavelength in the frequency band of 
interest, concentration of modes will occur in the desired frequency range. 

If the desired band width is narrow, a greater concentration of modes may 
be achieved by reducing the differences in the dimensions. 


The number of modes can be increased still further by cutting off the 
corners of the parallelepiped and replacing the cut sections by triangular 
corner plates. The best results are obtained if opposite corner plates are 
parallel and if the cuts are made so that no two sides of any of the result- 
ing triangles are equal, and in addition, no two of the eight resulting cor- 
ner plates are identical. The input coupling means should be asymmetri- 
cally located and oriented. No output coupling device or resonance indica- 
tor is ordinarily employed. 


As was mentioned above, the untuned cavity has serious drawbacks. 
One of these makes it unwise to attempt to tune a radar by reference to the 
ringing time from this type of cavity. Since many modes may be simul- 
taneously excited within the frequency spectrum of the radar transmitter, 
the echo box will return echoes at all these frequencies after the trans- 
mitter has turned off. If all these modes had the same Q, there would be 
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no trouble; but the range of Q among the different modes will probably be 
very large, with the result that some modes will ring much longer than 
others. The operator, in adjusting the radar local oscillator and TR cavity 
tc maximize the ringing time, will automatically tune the radar receiver to 
give the best response at the frequency of that energized mode which has 
the longest ringing time, even though this frequency may be considerably 
removed from the peak of the magnetron spectrum. The result of sucha 
procedure is, of course, that the radar is mistuned. In addition, two or 
more modes may lie so close together in frequency that very low-frequency 
beats can be observed between them (perhaps caused by mixing action in 
the crystal) and the ringing pattern on the scope will flutter. Other and 
more obvious disadvantages are that other measurements, such as frequency 
or spectrum, are not possible with the untuned cavity. Therefore, the un- 
tuned cavity is of dubious value as a radar test instrument, not to be com- 
pared with the tuned cavity. 


VIB IF ECHO BOXES 


The possibility of producing an "echo box" to operate at the interme- 
diate frequency of the radar receiver is an intriguing one. It is under- 
stood by the authors that such a device was used by the Germans in the 
second World War. The advantages of an IF echo box are: 1) since nearly 
all radar IF frequencies are at 30 mcs or 60 mcs, only a few echo box de- 
signs would be required; 2) -s#mie the echo box would never require tuning; 
3) since the necessary Q values at these low frequencies are only of the 
order of several hundred, the "box" might be made using lumped-circuit 
techniques, which would result in small size and weight and be very much 
less expensive than conventional cavities. 


One method of using an IF echo box is-illustrated in Figure VI-1. In 
this scheme the radar must be provided with the equivalent of an RF switch 
plus a dummy antenna, and two directional couplers connected in opposite 
directions, one on either side of the RF switch. The IF echo box is coupled 
into the system at a point beyond the crystal mixer, where it can be ener- 
gized by pulses at IF frequency generated by the action of the mixer. In 
order to make a ringing time reading the radar transmitter is disconnected 
from the antenna and connected to the dummy load by means of the switch, 
and the IF echo box connected to the system. The two directional couplers 
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serve to inject a small portion of the transmitted pulse into the antenna 
line in the proper direction to enter the receiving circuit. Ringing time 
is read on the radar scope as usual. 


A much simpler scheme omits the RF switch and the two directional 
couplers, and utilizes the energy leaking through the TR cavity during the 
transmitted pulse in normal radar operation to energize the echo box. 
The disadvantage of this method is that no check on the tuning of the TR 
cavity can be made. 


VIC ECHO LINES 


In the case of radars operating in the frequency range above 16, 000 mcs, 
the design and construction of echo boxes of the conventional type becomes 
difficult, and satisfactory boxes have not yet been produced for this fre- 
quency region. A device known as an echo line has been suggested as a 
substitute, and experimental models have actually been constructed and 
tested (Ref. 19). The principle of the echo line is illustrated by reference 
to Figure VI-2. The echo line consists simply of a low-loss transmission 
line connected to the radar system via an RF switch and a directional 
coupler. The line must have an electrical length greater than one-half the 
radar pulse length, so that the round trip time will be greater than one 

. pulse length. It is terminated at the far end by a short-circuit and a mis- 
match is provided at the input end to reflect the pulse. 


In use, a fraction of the radar pulse enters the echo line by way of 
the directional coupler and switch. Much of this energy is reflected back 
toward the radar by the reactance, but some will get past the reactance 
and into the line. This pulse travels to the short-circuit and is reflected 
back toward the input end. At the reactance a large portion of the pulse 
is reflected back again toward the far end of the line, but a small portion 
will get past the reactance and show up as a pulse on the radar scope. 
This process continues to repeat itself, each round trip producing a pulse 
on the radar scope, and each pulse being weaker than the last because of 
the loss of energy in and from the line. Finally, the pulses become so 
weak that the radar receiver cannot see them. By counting the number of 
visible pulses and estimating or measuring the strength of the last pulse, 
the operator can obtain a measure of radar performance. 
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FIG. VI-1_ SCHEMATIC OF RADAR WITH IF ECHO BOX 
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FIG. VI-2. SCHEMATIC OF RADAR WITH ECHO LINE 
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It is very difficult to construct a satisfactory echo line of small bulk 
and low attenuation using present materials and techniques, and for this 
reason the echo line at the present time appears to be practical only for 
short pulse lengths and high frequencies. 
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APPENDIX I 


CAVITY PERTURBATION! 


The modes of oscillation of the electromagnetic field in a cavity are 
dependent upon the geometry of the cavity, so that a perturbation, i.e., 
a small distortion of the cavity's shape, will result in a modification of 
both the spatial distributions and the frequencies of the modes. 


The frequencies and spatial distributions for the new modes will be 
estimated separately, dependent upon the presence or absence of degen- 
eracies. A system of modes is said to be degenerate if two or more 
modes have the same frequency of oscillation. 


AI. 1 Non-Degenerate Modes 


The frequency to which the nth mode transforms, as the result of 
a perturbation, can be obtained from the relation 


i (AI-1) 
i 


where 


i = unperturbed frequency, 


f = perturbed frequency, 


v = volume of the perturbed cavity, 


1The material in this appendix is based on References 23, 24, 25, 
and 26. 
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= electric mode vector for the n th mode’, and 


H = magnetic mode vector of the n ¢k mode. 


Equation AI-} can be written in two forms, dependent upon whether 
the perturbed volume is greater or less than the unperturbed volume, as 


a) f ~f A 
n = 


‘The mode vectors are defined by the following relations 


Vx H, = k,E, and V XE, . k HH, within the cavity, 


5 
u 


H * n= 0 and E. x 


i A 0 on the boundary; 


and are normalized such that 


— a . _— _ a, we a 6. pes % 
ns eet pee eee gp i Oifi # j 


lifi = j 
where ve is the original unperturbed cavity volume. 


_ Their relation to the actual field vectors E and H ‘is 


E = _~Esin/f ——t+g9), H =~ Hcos(—t+g9 
Ye Vite s m (A ) 


where P is a unit constant with dimensions of energy. 
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volume added to the cavity by the perturbation, 


volume subtracted from the cavity by the perturbation. 


< 
u 


From the integrals, it is apparent that (a) is used when 
volume is added to the cavity, and (b) is used when volume is sub- 
tracted from the cavity. 


The E and He of the perturbed cavity may be taken to be approxi- 
mately equal, except for frequency, to the E and HL of the unperturbed 


cavity. 


AI. 2 Degenerate Case 


If the system is degenerate, or if the n'th mode is one of a group of 
modes whose frequencies are close together in value, the above formulas 
may not be used. This is because the deformation of the cavity may cause 
the independent modes with frequencies close together in value, ~r coin- 
cident, to interact or interfere with one another, and the above formulas 
were derived without considering such interactions. 


Suppose that fi Pi iy fo are frequencies close to one another in 


2 
value, or that some or all of them are of equal value. The perturbed 
frequencies into which these transform are obtained from the roots 
of the determinant. 


ee : 
Ani 21 4 
A 
Ai? A,2 n2 
A A A 
In an nn 


1See Reference 23 for a method of evaluating determinants. 
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2K H . a ste E .E a 
1] ye 1 ay yet (ad 
2 — a ae 
= - K E d 
21 ae Ha ie Lee aa 
gre he Wedge ie" E. jE av 
ij voi j voi j 


-Ko fH. lav - kK? ( B . B av 
nn Von n n/v on n 


and where 


2mvVeyp 


€ = permittivity of the dielectric, and 
# = permeability of the dielectric. 
Approximate values E” and H” for E and H associated with one of 


the perturbed frequencies, f, may be obtained by solving the following set 
of equations: 
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R 
wa 

T 

=) 


An alternative expression for ah is 


A. = K, fe - (B, x H)da - 6, (kK? - K’) 
1) 1 1 J joj 
Cavity Surface (Perturbed) 
where 
n = unit vector normal to the surface 
rr = Oifi f j 
= lifi =j 
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If the n'th mode is one of a group of modes whose frequencies are 
separated by such an amount as to make it questionable which method 
to use, apply the method for degenerate modes. 


AI 3. Examples Of Perturbation 

In practice a tunable echo box is essentially a circular cylindrical 
resonant cavity designed to operate on a particular member of the TE OIn 
family of modes. The normalized unperturbed fields for the TE y ae and 
1M. modes for a circular cylindrical cavity will be used in the ex- 


ample and are given below: 


TE 2r ; 
ne E =+A £D hy gee 3 pe)" go sin 2 zp 
p ary? £\ D cos L 


er 
Lm ,\ cos _ nr A 
. aay (sé ) co £O sin a. z0 


nr 
a i 20 


2 
r ¢ “ COS Zo sin ™ e 
D 9) sin L 


eee 
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- p DMD oe woe) sn _ mt 
aes 2Lp 2, @® sin 7 


Zz bi D ‘/ sin L 
{ 
2r 

— £D lm sin v 
H =tB ) — 

p 2r, Pp Jp D ‘/ cos 49 cos L 
= ad m cos nr A 

-_ 1 

= 2 J D sin £0 cos L es, 
H =0 


where the upper sign and the upper trigonometric form go together and 
where the frequencies and the modes of oscillation are related by 


- (én) + (x) 


A= Sy 


and 


the normalizing coefficient for the TE modes 
mn 


y2(2 - oe) 
: V% 52 em) yi- 


LN 
rm) 
m 
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= B ,the normalizing coefficient for the TM modes 
fLmn 4m 


(2 - o, \(2 - o.) 


yy 


- + 
V Yo 2 ea! 


= Bessel function (Ref. 26) 
d Jp (x) 


dx 

= diameter of circular cylindrical cavity 

= height, or length of the cylindrical cavity 

= integers 

= cylindrical coordinates as illustrated below 
= the mzh root of Jy (x) = 0 for the TE modes 


= the mth root of Jy (x) = 0 for the TM modes 


ul 
a> 
ii 


Oif240,n#0 


W 
i~ 
tl 


1if@=n = 0 


= wavelength = + Where c = velocity of light 


eC 


f 


i 


volume of the unperturbed cavity 
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ra 


wD 


In the following examples the a th_mode vectors will be taken as 


— —_ —_ ——- 


E =E +E +& andH =H +H +H where the p, 0,and z com- 
a p ) z a p ) Z 


ponents are determined by the values of /, m, and n for the a'th mode. 


Example 1 

For the non-degenerate mode TM lo the components of E and H are found 
from the general forms above merely by setting Z, m, n, equal to 0, 1, O 
respectively. Let X\ be the wavelength corresponding to this mode, Then 


oy el as 


WILLOW RUN RESEARCH CENTER ~ UNIVERSITY OF MICHIGAN 
UMM-119 


YA 


‘ Fini 


\ 


== 


Suppose we wish to estimate the perturbed value of the corresponding fre- 

quency f,, assuming it is not close to any other frequency of the cavity, 
D 

due to a small increase vy in volume at the point p = 2? @=0, z “5 ‘ 


For this case i, oe F E dv =~ 0 so that, since va is small, 
A 


2, 42 Se 
a ee aad 


2 2 22 
may be used. Upon substitution f = f) [2 - vB J5( oy and to an 


r 
0) 


22 
equ d approximation, f=f - 
qually good appro on, ‘ [2 1/2 vB J, (%)) | 


Example 2 
Determine the effect of adding a small volume Lan at the point (3 


L 
0,35 


2 of a circular cylindrical cavity operating on the TE oll mode. 


. | a 
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mode is degenerate with both the ™ 31 mode which varies as cos 9 and the 


one which varies as sin 8. The common frequency of these modes does not 
coincide with or lie near any other mode, so there are no other degener- 
acies. Denote the common frequency by a and the corresponding wavelength 


by Ay? 


Choose the TBO mode as the first mode, then the components of the 


first mode will be given as 


Let the even (cos 6) ™, mode be designated as the second mode, with com- 


a 


ponents 
2 
E eigen I s peace him “0 et sa Ges o 
2 ere, “aN De LP apr P “itp ? 
2 
B at’ , “u eR re 
SF, 1 D L 
u“~D 
and 


er er 
= .D 11 1Z A ' 11 nz A 
H,*= Br s( D ee L ee 9) oe COB T fa) 


i? 


and the odd (sin 6) TM mode be designated as the third mode » with components 
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x er 
- Dd : 11 TWZA , 
Ba (5 p)atn 0 aint ) 


B ae a e& .) cos 9 sin = 
: i 
4Lr,,P 1 D 
er 
r 11 UZ 
+B is 1, (Ba) oi 6 oe # 
+rD 


=) 


er er 
D Ll 1z A 11 az A 
= = 1p — °e 
B arp s( D poo 9 cos L fs) B me D et 8 cos L 


Using the relations 


o> 


n> 


“a (x) = Jy (x) 


J. (x) 


Jy (x) 


Jy (x) - 


= = L 
the E and H vectors at the point (2 » 9, a} may be written as 


for the TR 
O11 mode 
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for the even for the odd 
fue T™ mode, and FF 
EH, 6) 1 , A, =0 ™ 31 mode 


Using the formula that 


ha 
I 


2 ee 2 af 5e 
= _ H, av - 
pes f H, . H, av ae 8 E, . £, av) 


oO ie) 


ras fy i, i sa Kas fy EL E, av) 
| A 


it follows that, for this case, 


hd 
il 


2 = 
a eas f, Rh. Hav) mae f E, . #, av) 
Ar aa 2 
z 2 
[ota] ) Veal 5 


r2 
2 a 
ee =e [ol ] * ) 


A -K Kw ans el Mer Aas 's = 0 


> 
t 


Substituting into the determinant and setting it equal to zero yields 
the relation 


11 “22 A 2 
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from which the perturbed frequencies are given approximately by 


Example 3 


Determine the effect of introducing a small groove parallel to the 
z-axis on the side of the wnperturbed cavity at 9 = 0 in the previous ex- 
ample as shown in the figure below. 


ee = Ol b _ Mian 
a? H = Ap Jol%y) ein az 
xs 
a3 ap 71 y,) 812 TP a ani 
: mz WN = 
2 Base a\ = 
H, B Jt (r._) cos 7 H, 0 
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Proceeding as before 


rod 2 

2 Ol “b ' 2 12 2 
ee, =< : 

7k fit (: = . )}) i ein Sav| -K 


> 
ul 


2 
2 2 2 xz 
K ]1+B |g: a 
20 + f i%,)| Ir, cos L Vv 


> 
i] 


2 > | a 2 
NZ 
- 1 —- 1 va —_—— 
+ (: D Jit) ) v, sin 7 dv 


es Ke 2 
> % 
The perturbed frequencies are determined by 
° 
2 b 
cae 2 2 
ve (eZ 2) free + 
xD [ “ol ] A 
as 
d, 2 2 
Be. ge END ae, [% (ro) ] TR 
bg at 2 D 
1 
1+B @ yy ] an 
f=f 
ae: 


and again the perturbed modes have essentially the same form as the un- 
perturbed modes. 
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Example 4 


Determine the effect of tilting an end plate of the right circular 


cylindrical cavity operating on the TH 1) mode through a very small angle B 
about the line 6 = 0, as illustrated below. 


Let the tilted end plate 
be at z = 0, 


2 2 
A, =A. =A__=K - 
mat gaits % 
From the equation 
2 = _ 2 = <3 
A ,=K HE, .H. dv -XK E, .E.d 
ij ee ng ede ree a 
it follows that,since K =K.,A =A = 
ollo , Sinc A y Wy. oy? and Als Aza: By means of the 


alternative form for A, and, considering only the axial component of E x H, 
A : 


K. (2 y xB 

Oe ion E 4) 
er oL 

12 
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To within the accuracy of this approximation 


a aks, © gi 
Anz = Aso = 0 
and 
x . A 
7% 12 
2 2 

me BK 0 fate [ah -S 
0 ) KK 


The new frequencies are 


.3 
Bi EB x, an(2) 8 : 
ees r,, D E | 


va) 
I 


3 
2 D 
Paw Cc x, (3) B oe 2 
a eS BN ia: 


The expressions for the new mode vectors for each frequency may be 
partially determined from the following simultaneous equations for a v 


a , and a : 


3 
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1 ay + Alo a, = 0 
A = 0 
33 93 


_* _* 
and the series representation for @ and H near the beginning of this 
section. 
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APPENDIX II 


EQUIVALENT CIRCUITS} 


A circuit B is said to be equivalent to a circuit A if a differential 
equation for A is identical with that for B. In general, a circuit A can 
be equivalent to circuit B, to circuit C, and so on; the equivalence is 
not unique. In other words, B can be a circuit equivalent to A, but not 
the equivalent circuit. 


In the study of a resonant cavity, it is assumed that the actual fields 
may be represented in terms of a set of orthogonal field vectors. These 
field vectors are used to determine the energy in the cavity which in turn 
is used to obtain the differential equation describing the current flow. An 
equivalent circuit may then be devised such that its current flow is de- 
scribed by this same differential equation. 


If the equations of the equivalent circuit are to be solved by a net- 
work analyzer, an equivalent network must be devised which is physically 
realizable (Ref. 21). Evenif a network analyzer is not used for obtain- 
ing a solution, an equivalent network can give the investigator an intui- 
tive feeling for the significance of the various modes and design con- 
stants. On the other hand, if the differential equations for the response 
of the resonant cavity are to be considered only as a problem in mathe- 
matics, nothing is gained by introducing equivalent circuits. 


The equivalent circuits which follow are for circular cylindrical 
cavity resonators with the end plates perpendicular to the axis of the cyl- 
inder. In using these circuits, one must not lose sight of the fact that 
while they may duplicate the response of a loss free cavity, they only 
approximate the response of an actual cavity. They are approximations 
because the resistance to the current flow is approximated, the field dis- 
tortion due to the exciting loop is not considered, and the geometry of the 
actual cavity is not exactly that of a right circular cylinder. 


1The material in this appendix is based on References 20, 21, and 22. 
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AII.1 Loss-Free Cavity 


The equivalent circuit for a cylindrical cavity resonator is made up 
of a set of equivalent circuits, each one of which represents the cavity os- 
cillating in one of its possible modes. Use of this representation im- 
plies that the equivalent circuit for the cavity varies as the number and 
type of modes of oscillation change. 


An equivalent circuit for a loss-free cavity resonator oscillating in 
its az; normal mode may be given as in the figure, where 


L = HK, V henrys 


re) 
Cc. = 5 farads 
K V 
a 
and 
p 0 = magnetic permeability 
in cavity 
€ = dielectric constant 
7 = ot : Lae = wavelength of ath mode, or wave number 
a 


V = volume of the cavity. 


The equivalent circuit for a loss-free cavity, operating such that it 
has N normal modes, would consist of N such circuits with no coupling of 
any sort between these circuits. 


Exciting the cavity by means of a coaxial liné and loop input is equiv- 
alent to exciting the equivalent circuit as shown in next figure for the 
ath mode. 
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i™ 
2 Moa 
Lo La Ca 


current flowing through the input loop 


r= 


coefficient of mutual induction between the input and the 
equivalent circuit for the ath mode 


= Ho i ' henrys 


—a 
u 


flux of the characteristic vector wave function through 
the net area of the coupling loop 
Vf, . maa 
a 
net area of loop 
n = unit vector normal to the plane of the loop 


K, = a, the characteristic wave number 
a 

de = wavelength of the ath oscillation 

Ly = total self-inductance of the input loop. 


The Emf component, (Emf)_, arising from the effect of the external 


0 


exciting current upon the ath mode is given by (Emf) = Moa poeano 
dt 


The coupling coefficient K corresponding to the normal inductance 
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as obtained from the customary definition is 


2 
Ho 0. 


0 


Excitation of N modes corresponds to an equivalent circuit wherein 
each normal mode is inductively coupled to the input but where there is 
no direct coupling between the circuits representing the normal modes. 


All.2 Dissipative Cavities 


The equivalent circuits associated with the modes of a dissipative 
cavity are in general resistively coupled. The equivalent circuit for two 
modes in such a cavity may be represented as in the figure below. 


La Rab 


Ca Ra Rh 


For this circuit 


f H d H da 


cavity surface 


253 


WILLOW RUN RESEARCH CENTER ~ UNIVERSITY OF MICHIGAN 
UMM-119 


é. H .H da 
a 


=a a 


cavity surface 


= conductivity of the walls 


Q, = unloaded Q of the ath resonant mode 
3b = cross-coupling Q 
c = velocity of light 


An equivalent circuit for a dissipative cavity excited by a coaxial line 
and loop input may be constructed such that each normal mode may be 
represented by a closed resonant circuit containing inductance, capaci- 
tance and resistance in series, and where the circuits for the modes are 
resistively coupled to all other modes of a set for which the mutual re- 
sistances are not zero, i.e., when the integral (App. I) 


cavity surface 


is non-zero. 


The surface integral always vanishes in a cylindrical cavity between 
any ae mode and any ar mode unless r= 44 0, andt=n regard- 


less of the values for m and s. Between pairs of either TE or TM modes 
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alone, it may be shown that the surface integral vanishes unless either 
£L=r,m#s, andn =t, or £= r, m = s, and the difference between 
nand tis an even number greater than zero. That is, there is no mutual 
resistance between two TE or two TM modes unless both modes have the 
same first index and either two of the remaining indices coincide, with 
the provision that when n / t their difference must be an even number. 


Each mode is inductively coupled to the external exciting circuit, 
as shown in the figure 


where the combined inductance of the input circuit is Ly and where Ry 


is the radiation resistance of the resonant cavity antenna if the resonant 
cavity is dipole-coupled to the source. These modes are not directly 
coupled inductively. \ 


In addition to the loop and coaxial line type of excitation, a cavity 
may be excited by a waveguide input or by means of a probe. The asso- 
ciated equivalent circuits are seldom investigated. 


AlIl.3 Effect Of Cavity Distortion 


If either the cross-section of the cavity is elliptical rather than cir- 
cular, the end plates are not everywhere perpendicular to the axis of the 
cylinder, or the end plates are not concentric with the cylinder, there 
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will be inductive and/or capacitive coupling between modes in addition 
to the resistive coupling Rap” 


Example: Development of an Equivalent Circuit 


To construct an equivalent circuit for a circular cylinder cavity res- 
onator operating on the TEo11 mode where the cavity has the dimensions 


radius = 2,78 in, 


.O7 meters 


length = 3.93 in. .0998 meters 


and the wavelength is 10 cm, the cavity is excited by a coaxial line and 
loop, where the loop is located at the side of the cavity and lies in a 
plane perpendicular to the axis of the cylinder. 


anu7l 2 
4q X10 ' x 4m x7(0,0049) (0.0998 - 
L = SER AP TIO 0048). 0999) | 76.2 x 10°" henrys for 
, all three modes 
-13 
-16 
c 6 rT 10 = 3.69 X 10: farads for 
a 36" X 16x Xm (0.0049) (0.0998) allthree modes 
9 
E> = 36" * 10 approximately 
h =47 x10! 
0) 


Let a = 1 for the TE, 1 mode, a= 2 for the even ™ mode,and a= 3 for 


1 


di : 
the odd ™) 41 mode 


1The theoretical basis for these equivalent circuits may be found in 
References 21 and 22. The actual construction may be found in Refer- 
ence 20. The effects of deviation from the circular cylindrical cavity 
with concentric and perpendicular end plates are treated in Refer- 
ence 22. 
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er, 
A 
= A= Bo 15) on 386 +A Tou ee a ey A 
er er 
= D a7. \ mz 11 mz “A 
E,, = B arp aC 13) sin 9 cos [— pt 8 vael D eo ) Oe a 9 


2 2 
eed og nu 9 FN BG! “ll, sin @ Ee h 
3 = ar, 1 D pj cos cos L fe] + D cos L 


To calculate the coefficient of mutual induction between the external 
source and the lst or TE mode it is necessary to evaluate the integral 


Fal 
i 


Loop Area Loop Area 


L 
3 If the area of the loop is 


small, then the integral is approximately equal to 


D 
where the loop is at the point (2 » Oo 


Yeats 
ap 2o8o1 


2 
A )rp 
0 


where Py is the radius of the input loop. Assume a loop radius of 107? 
meters. 
2 


Jo (t oy) 


A= 


-6 
3,83 x O.1 x 10 


Po * \f2 x 0.07 
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-6 
-7 2x 3,83 x 0.1 X10” x .0391 
4 ———— rr rn ssiontiom er 
a ae OE 2 X0.07 


-11 
which yields the result that M.. = 1.20 x1 h F = = 
i yields 6 resu a Ol x 10 enrys Moo Moz 0 


because the plane of the loop is parallel to the transverse magnetic 


field. 


The unloaded Q's depend upon the integral fp HL . i da. For the TE 


i cavity surface 
mode the integral may be written as 


2 » \e ox 
(2 Ok ay dD HS Het OLY 
9. 9. eo Pe a 
2 
roAL 
a L -4 
a _ 4s OPW eck Sos Re Os 286 wie as 
Q 2 xD 1 
1 Qa 


7 


In computing $0 for silver is taken as 6:14 x 10 mhos /meter, and » is 


taken as pL 0° This is very nearly the case for high frequencies. 


From the expressions for H., H > and E, above, it follows that 


1? 


where 


surface of cavity 


a 
ul 


da = an element of area 
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Consequently, the equivalent circuit for this cavity is as shown below. 


MoiG Ca 
Lo Ly 
Ry 
af 
Lo = 76.2 xX 10 henrys 
-16 
C. = 3.69 x lo farads 
-4 
R = 2,80 xX 10 ohms 
-11 
Mor = 1,20 x 10 henrys 
Ly = gelf-inductance of input loop 


In practice the ™ modes may be coupled inductively to the input be- 


cause of a tilted input loop, because the resonator is not a perfect right 
circular cylinder, or because the input loop will disturb the field in the 
immediate neighborhood, so that the equivalent circuit will differ from 
that assumed above. 
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APPENDIX III 


FORMULAS FOR THE CYLINDRICAL CAVITY? 
a SR a ee ee a dee 


Alll. 1 Fields In A Cylindrical Cavity 


For TE modes 
n> 0 
m >0O 


-£I3, (k, p) 
= Ll ; : Bit A 
BS) ee ) e i 
Kp Sin Sink, zp oy) (kp) Cos 40 Sink, 20 


heey 
k 2 


ol 
" 


Ai, Jy (Kk, ) 
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For TM modes 
m> 0 


— ca A 
a ' ; 
E = = Jg (ke) Cos £0 Sink, zp 


Lk. J, (k. p) 
»~—2 £11 gi fo sink 2h 
1° : 


k 
1 A 
+F Jy (ke) Cos 20 Cosk, 22 


1The symbols used in this appendix are defined in Section III B 
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J, (k, p) 
F 2‘ . A ' A 
= anes Sin Z 9 Cos kz p - J, (kp) Cos 2 8 Cos k, z 0 
where 
2r 
k= £m. 
D 
nt 
nae ade 
2 
2 2 2 20 
money Sg “(2 
Tom = the msh root of I (x) for TM modes 


the mth root of J (x) for TE modes 


BAS A : : : ; 
p, 9 and z are unit vectors in cylindrical coordinates 


AIlll.2 Expressions For MS Factor In The Cylindrical Cavity 


TM modes 
Q 6 "Lm 2.2 1/2 l . 
ee ie 1 f 0 
x eS l+tpR vo if n> 

r 

Q6 _ km ifn =0 
x m(2 + R) 

TE modes 


L% 
[ + earl - -(%) : 
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AIII.3 Currents And Fields In The Cavity End Plates! 


The magnetic field at the end plates is 


TE modes 
k, 
1 
=— Q ] 
H, r (k, p) cos 2 (1) 
k J, (k, p) 
3. 6° 3 : 
H, = re toe oe (2) 
‘TM modes 
Jy (k, p) 
S| 
H = -¢— —— sin ¢0 » (3 
p ad kip (3) 
=a 4 
Hy Jy (ke) cos £0 . (4) 
where ee 
ER eam 
1 OD 
nr 
ees 


I1The discussion in this subsection is based on Reference 6. 
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= mth root of Jg (r) = 0 for TM modes 


= mth root of JZ (r) = 0 for TE modes 


The magnitude of the magnetic field is found from 


H =H +H (5) 


Let x =k iP and substitute the values for He and Hy from (1) and (2) into (5), 


# \ Ty 33 (x) | cos cae 2) (sy sin 2 Lo (6) 


This expression applies only to TE modes. 


obtaining 


Because only the contour lines and relative magnitudes are of inter- 
est here, constants appearing in both i and Hy may be dropped. There- 


fore, for TE modes 
WH = E (x) cos 2 ai + E Jy (x) sin £0 e 
x 


By use of the identities 
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the expression for H reduces to 


How (J, ; cos 7 6)" + (Jy ‘4 gin £0)° 
where 
ya) ee aay ca 


ge eg aa pe 
For TM modes 


H -| 4 J, (x) sin £0 | + | 3 (x) cos 2 o| 
x £ ZL 


which is identical with the expression for TE modes. By setting H equal 
to successive constant values, contours of H may be obtained. 
For TE modes, when @ = 0, the field is entirely radial and is pro- _ 


. ' _ = P . 
portional to J (ky p). When @ = ae i 0 and Hy is proportional to 


Jy (k, p) 
k, ) 
Allr.4 Decrement Equation 


For a simple RLC circuit in oscillation, the envelope of the voltage 
is given by: 


where eis the envelope voltage at a time t, Ey is the maximum voltage 


at the beginning of the decay, W is 27 x the frequency of resonance of the 
circuit, and Q has the usual meaning. After a time t, the voltage envelope 
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E 
has decreased in the ratio 7 which is 
e 


E 
aes = exp (eh, 
e 2Q 
The loss in db is 
Be t 
a Os wt 
20 10g 19 . 20 108 19 exp. ( 2Q) 
= (20 log. .€) (25) 
az Bio’ '2Q 
2rit ft 
= 20(0.434) x —— = 27.3 — 
( ) 2Q Q 


The decrement, in db per microsecond, is 


where fis inmecs, and t in microseconds. 


AIH.5 Ringing Time Equation 


Operating manuals for echo boxes frequently contain a ringing time 
equation of the form 


2 
Pt ] 
where 
R = ringing time in yards 


a constant 
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D = sensitivity of the echo box in yards per db 

P = radar peak power in kilowatts 

t = radar pulse length in microseconds 

A = coupling factor of directional coupler 

B = receiver bandwidth in mcs _ 
The constant C in this equation is determined empirically for each type - 
of cho box; however, Equation (1) may be obtained from Equation (2a) 


in Section HID. Multiplying this equation by 164 yards per microsecond 
yields the ringing time in yards 


Q 
164 L 
: R= 164t + Py oP : 2[w, + W, |+ 2010¢,,[1 -5~] 
L 0 
+ 20 108, 9! -exp. (-0.115 ta, )| + Ww, (2) 


In Equation (1), Ww,» the cable loss, is not considered, so it will be 
164 

neglected also in Equation (2). The factor q = D, and therefore it is 
L 


necessary Only to convert the factor within the brackets in Equation (2) 
to the form of the factor within the brackets in Equation (1), and to ob- 
tain a value for the constant C. 


The terms Pu PY and Ww. can be combined as follows: 


P' w' 

P -P W_ = 10 

tint ™5 = 10 log), —_5 
P 
n 
where 
P' = noise power of receiver in watts 
n 


peak transmitter power in watts 


266 


UMM-119 


of the ringing signal at the end of ringing time. 


It can be shown that 


= the ratio of the noise power of the receiver to the power 
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Pr = KTB' (NF) 
where 
-23 
K = Boltzmann's constant = 1.38 x 10 Joules per degree 
Kelvin, 
oO 
T = absolute temperature (usually taken as 291 K.) 
B' = bandwidth of receiver in cycles per second 
(NF) = noise figure of receiver, expressed as a ratio. 


If the power P' is expressed in kw, and if the bandwidth B is expressed in 


mes, (3) becomes 


PW", x 10° 
P,-P_+W. = 10log,, ——--—-—__—_> 
Sw 10 KTB(NF) x 10° 
The logarithmic term can be written as 
-3 o 
PW' x 10 w'_ x10 3 
10 lo —2 ___ = 10 lo eee Fe 10 LOS = 
£10 KTB (NF) £10 KT (NF) 107 


The first term on the right-hand side of (5) becomes part of C. 


(4) 


(5) 


The term 20 10855 [} - exp. (-0.115 a, 1] can be expanded in series 


form. Neglecting all but the first two terms of the series, it becomes 
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~ - 2 
20 108 -exp (-0.115 a, | =20 log 9 0.115 dt = 10 10816 (0. 115d, t) 


= 10 log, , (0.115 ay +10 log, yt” (6) 


Comb‘ning (6) with (5) yields 


WwW (0.115 4d ‘a x 10? 2 
10 lo 2 a= Pen ee (7) 
810 KT (NF) £10 B 
_ (2) can now be written as 
2 -3 2 
i] 
a = 64 10 16 Wi, (0.115 d, ) x 10 8 
d 810 KT (NF) Q 
L 1) 
164 pt? 
aa 10 10859 SB - 2W, +164¢t 
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APPENDIX IV 
ABSTRACTS 


INDEX OF ABSTRACTS ON RESONANT CAVITIES AND ECHO BOXES 


P - Patents T - Reports and Technical Manuals 
A - Articles B - Books 


Charts for, P4, P23, A60 


Coaxial, P5, T18, Al9, A40, A58, A68, A69, All0, All9, B6, BY, Blé, 
B17 


Compensation for variation of ringing time with frequency, P24, P37 
Conformal grating, P20 


Coupling devices, P8, P37, P38, P45, P47, P49, P55, P58, P101, P102, 
T15, A7, A24, A41, A46, A65, A78, A82, A103, Al04, Alll, 
Al21, B3, B10 


Cylindrical, Pl, P2, P3, P4, P5, P6, P9, Pl2, P13, Pl6, P17, P18, 
P19, P23, P24, P25, P26, P27, P30, P34, P37, P38, T4, 
T5, T12, A4, Al2, A15, A23, A34, A35, A37, A48, A55, 
“ A57, A58, A65, A71, A81, A86, A97, Al02, A108, A117, 
Al28, Al4l1, Bl, B4, B6, B7, B9, B16, B21, B24 


Ellipsoidal, P27, All6, A119, B9 


Equivalent circuits, P39, P4l, T8, T13, T1l6, T17, T19, A5, A8, Alz, 
A27, A37, A38, A43, A46, A6l, A72, A76, A99, A109, A128, 
Al4l, B5, B8, BY, B10, B15, Bl6, B17, B18, B21, B25 


Humidity compensation, P3, P7 
Loading devices, P5 


Measurement of properties, Al3, Al6é, Al8, A36, A45, A70, A80, A99Q, 
A125, Al35, B18 


Microwave filters, P27, P76, P84, P92, P96, P!04, AS, Alé, A22, A139, 
B9, B25 
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INDEX OF ABSTRACTS ON RESONANT CAVITIES AND ECHO BOXES (Cont. ) 
Se ee ee 


Microwave signalling system, P40, A25 
Microwave switching system, P16 


Microwave testing system, P14, P15, P22, P33, P39, P46, P52, P64, 
P108, T3, T9, A6, A47, A56, A7l, A140, B15 


Mode suppression, P19, P26, P34, P37, P43, P44, P45, P47, P52, 
P54, P63, P74, P75, P78, P90, T16, A? 


Perturbations, P2, T13, T14, T19, T20, A3, A8, Al4, Al5, Al7, Al9, 
A21, A30, A31, A32, A33, A44, AS 2, A59, A77, Ags, A90, 
A91, Al4l, A142, B3 


Plating, P24, P35 
Pressure compensation, P3 


Prismatic, Pll, P27, P57, P76, P96, P1l3, P1l14, A62, A63, All2, 
All4, A119, A123, A131, Bl, B4, B6, Bll, B16, B17, B2l, B24, 


Resonance indicators, P21] 


Spherical, P10, P95, Al4, A20, A43, A93, A94, A97, A107, Ail2, All3, 
All4, All5, All9, Al2o, A123, B2, B4, B6, BY, Bié, B2l, 
B24 


Temperature compensation, P3, P7, P9, P12, P18, P28, P42, P50, P53, 
P66, P99, P105, P109, B10, B15 


Theory of, P41, T6, T7, T8, T10, T1l, T13, T14, T15, T16, T17, T18, 
T19, T20, Al, A2, A5, A6, Al0, All, Al2, Al4, A23, A27, A28, 
A29, A34, A35, A37, A38, A39, A40, A42, A43, A44, A493, 
A50, A51, A53, A54, A55, A57, A58, A6l, A62, Aé4, A65, A66, 
A67, A68, A69, A72, A73, A74, A75, A76, A79, A863, AB4, 
A85, A87, A89, A92, A95, A9%6, A97, A98, A100, A101, Ai0S5, 
A106, A109, A113, All4, Al18, All9, Al21, A122, A124, Al4l, 
Bl, B2, B3, B4, B5, Bé, B7, B8, BY, B10, B13, Bi4, B15, 
B16, B17, B18, B20, B21, B23, B25 
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INDEX OF ABSTRACTS ON RESONANT CAVITIES AND ECHO BOXES (Cont. ) 


Toroidal, P25, P32, P107, A&86, A97, B2 


Tuning methods, Pl, P6, P7, P9, P13, P17, P25, P29, P30, P31, P36, 
P41, P48, P50, P51, P56, P58, P59, P60, P6l, P62, P63, 
P67, P68, P69, P70, P77, P79, P81, P82, P83, P85, P86, 
P87, P88, P89, P90, P91, P93, P94, P97, P98, P100, P103, 
P110, Pll2, A25 
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PATENTS 


Pl - Variable Capacity Cavity Tuning, by L. D. Smullin, U. S. Pat. 
2,600,278, filed August 2, 1945, issued June 10, 1952, 


A resonant cavity consisting of a cylindrical surface bounded 
by two flat end plates is tuned by means of a disc-shaped conductor 
mounted on a dielectric sleeve which projects into the cavity from 
the cylindrical wall. The cavity is operated with the electric field 
between the parallel walls and tuning is accomplished by moving 
the inserted piece toward the center of the cavity where the electric 
field is stronger. 


P2 - Cavity Resonator, by A. Bafios, Jr., U. S. Pat. 2,600,186, filed 
October 3, 1945, issued June 10, 1952. 


A cylindrical cavity has a tuning plunger with spherical cur - 
vature instead of being flat; this innovation separates the TE 
and TM modes, removing these degeneracies. The re- 
sulting cavity, then, has a Q and a ringing time which are not at 
all critical to minor departures from the ideal shape, for example, 
to non-parallelism of the end plates, slight departures from the 
circular of the cylindrical wall, etc. 


P3 ~ Method of Forming a Cavity Resonator, by Daniel Alpert, et al, 
U. S. Pat. 2,584,717, filed November 28, 1945, issued February 5, 1952. 


A cavity resonator is used for the testing of radar performance. 
This cavity embodies several novel features to produce stability. 
The cavity is evacuated, and compensated for temperature, humidi- 
ty, and pressure changes. In addition, the mounting to the radar 
apparatus is done in a manner to eliminate stresses which would 
result in distortion of the cavity and cause a resonant frequency 
change. Not only is the cavity proper evacuated, but the space be- 
tween the tuning piston and an outside plate is also evacuated. Over 
this whole apparatus is placed a cap which protects the cavity from 
external pressures, atmospheric and mechanical. An Invar rod 
projects into the cavity slightly, and compensates for the change in 
frequency resulting from thermal expansion of the cavity. 
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P4 - Cavity Resonator and Charts for Design, by J. P. Kinzer, U. S. 
Pat. 2,541,925, filed April 13, 1945, issued February 13, 1951. 


Kinzer has patented a tunable cylindrical cavity resonator 
which has been designed in accordance with certain considerations: 
the cavity is to operate ina TE mode, is to have a pre-assigned 
@ at a given frequency, and the length and diameter, as well as 
n, are to be determined from a set of design equations. Sucha 
cavity will have the smallest volume possible for the given Q, and 
in addition, have a relatively small number of unwanted modes. 
The patent write-up presents a set of three design curves which 
are useful in determining n, L (length), and D (diameter) when a 
given conducting material for construction of the cavity, a Q, and 
an operating frequency are specified. 


P5 - Loading for Electrical Cavity Resonators, by J. M. Wolf, U. S. 
Pat. 2,566,050, filed April 12, 1949, issued April 28, 1951. 


Resonant cavities of the hollow cylindrical and the coaxial 
type are provided with loading devices to alter the curve Q = Q(f). 
A coaxial cavity an odd number of quarter-wavelengths long 
has two resistive loading devices coupled to the cavity through a 
loop or probe. One is located at a position where the coupling is 
independent of frequency, another to a position where the coupling 
is a function of frequency. By proper adjustment of the coupling, 


the curve 2 vs. f can be made substantially flat over a selected 


region. The same principle has been applied to a coaxial cavity 
an even number of quarter-wavelengths long and to a cylindrical 


cavity operating in the TE 512 mode. 


Pé6 - Tunable Cavity Resonator, by E. D. McArthur, U. S. Pat. 2,549,499 
filed February 19, 1949, issued April 17, 1951. 


A cylindrical cavity resonator with a wide tuning range is 
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constructed as follows. Two end plates are connected by a 
multitude of resilient fingers of conductive material which 
form the cylindrical surface. These fingers are all secured 
to one of the end plates and are free to slide radially along 
the other. The fingers, being under tension, are bowed out- 
ward and have the tendency to move outward. An adjustable 
cylindrical shoe makes contact with the fingers, and move- 
ment of the shoe will cause the fingers to move inward or 
outward, thus varying the average radius of the cavity. By 
this means the cavity is tuned. This method of tuning pre- 
serves the cavity symmetry and requires a sliding contact 
only on one end plate. As aresult, the cavity is efficient 
and is fairly free from higher order waves. 


P7 - High-Frequency Wavemeter, by J. P. Hagen, et al, U. S. Pat. 
2,544,674, filed August 27, 1943, issued March 13, 1951. 


This is a wavemeter of the quarter-wavelength, coaxial 
type. Tuning is accomplished by movement of the inner con- 
ductor, which is a telescopic device consisting of two members, 
one of which slides over the other. The movable member is 
attached to an Invar bar whose length remains constant inde- 
pendent of the temperature. Hence, a change in length of the 
cavity due to temperature change causes the gap between inner 
and outer conductor to change so that the resonant frequency 
remains unchanged. Also there is a retainer built into the 
cavity wall and coupled to the cavity. The chamber is to con- 
tain a hygroscopic agent (e.g., silica gel) to absorb moisture 
from the cavity, thus preventing resonant frequency changes 
due to humidity changes. 


P8 - Coupling Loop, by S. Sensiper, U. S. Pat. 2,543,809, filed January 
8, 1946, issued March 6, 1951. 


In usual cylindrical cavity resonators excited by coupling 
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loops, the loops act to a certain extent like probes. Due to 
this effect, the loops tend to excite a companion mode (a mode 
which is oriented at right angles to the desired mode, but is 
otherwise the same) if the mode does not possess axial symme- 
try. This occurs because the loops, being in the form of a semi- 
circle, do not lie in a direction circumferential to the cavity 
wall. In this invention, the loops, instead of being semicircular, 
have the shape of a right triangle, one leg of which lies cir- 
cumferential to the cavity wall while the other extends, perpen- 
dicular to the cavity wall, into the center portion of the co- 

axial coupling line. 


P9 - Object Locator System, by W. F. Kannenberg, et al, U. S. Pat. 
2,537,139, filed July 14, 1944, issued January 9, 1951, 


A resonant chamber is used as an echo box to test the per - 
formance of a radar. The resonator, of cylindrical shape, 
is provided with a movable end plate which, in conjunction 
with a motor and cam, is caused to vibrate in a direction nor - 
mal to itself, thus rapidly changing the frequency of the cavity 
and enabling the cavity to be simultaneously resonant to a 
band of frequencies. The lever upon which the cam acts may 
be disengaged at will, whereupon the tuning piston will remain 
fixed in a position such that the cavity will be resonant to no 
frequency in the radar band, thus preventing the cavity from 
absorbing energy from the radar transmitter except when a 
test of performance is being made. The resonant band may 
be varied. 


P10 - Clamped Cavity Resonator, by K. F. Niessen, U. S. Pat. 2, 528, 387, 
filed May 9, 1946, issued October 31; 1950. 


High frequency resonant cavities are temperature compen- 
sated in the following manner. A spherical cavity, with an in- 
crease in ambient temperature, will increase its dimensions 
and thus lower its resonant frequency. However, if the cavity 
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is constrained from expanding the same in all directions, for 

example, as it would be if clamped at diametrically opposite 

points, the cavity will be altered slightly in shape. The 

greatest expansion may be made to occur in regions where an 

expansion would change the resonant frequency only slightly, 

_or even ina direction opposite to that toward which it would 
expand in the absence of a constraint. Thus, the cavity may 
change its resonant frequency only slightly or not at all under 
a temperature change. Cylinders and parallelepipeds are 
used in this manner as well as are spheres. 


Pll - Cavity Resonator of Rectangular Prismatic Shapes, by K. F. 
Niessen, U. S. Pat. 2,512,368, filed January 21, 1948, issued 
June 20, 1950. 


This cavity is in the shape of a rectangular prism whose 
base is a parallelogram with a 45 angle and adjacent sides in 
the ratio i:V2, the side walls being rectangles. This cavity 
has the advantage that, for the lowest natural frequency for 
which the electric field is not a function of the height, the Q 
of the circuit is very high, being higher than for the square 
prism of the same material, frequency, and height, and oper- 
ating in the same mode. The Q is also higher than for the 
conventional cylindrical cavity of the same height and operating 
at the corresponding lowest natural frequency. 


Pl2 - Electrical Resonator, by T. H. Turney, U. S. Pat. 2,507,426, 
filed May 16, 1945, issued May 9, 1950. 


A cylindrical cavity resonator is constructed of a metal 
with low coefficient of expansion (Invar), but one of the end 
plates is of a metal with high thermal expansion. This end 
plate is secured to the cylindrical walls with screws fitting 
into slots running longitudinally so that the position of the end 
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plate may be adjusted. A rise in temperature will cause a 
small increase in the cavity dimensions, but a larger increase 
in the end plate dimension, and the plate, which is under 
tension, will be bowed inward sufficiently to compensate for 
the change in volume resulting from the expansion of the 
cavity dimensions. 


P13 - Frequency Selective Electrical Device, by J. P. Kinzer, U.S. 
Pat. 2,500,637, filed June 1, 1946, issued March 14, 1950. 


In this invention, two resonant cavities are tuned by means 
of a coiled spring which may be wound from one cavity into an- 
other, and which changes the effective diameter of the cavities. 
The output from the two cavities may be fed into a modulator 
which produces a frequency equal to the difference of the two 
resonant cavity frequencies. Since, in tuning, the resonant 
frequency of one cavity is increased while the other is decreased, 
tuning may take place at a rapid rate. 

One of the cavities may be used merely for a storage space 
for the excess spring, and the other used as a general resonant 
cavity. An advantage of this cavity is that moving walls for 
tuning have been eliminated. 

This technique also provides an effective way of matching 
cavities of different dimensions. 


P14 - Microwave Electrical Testing System, by W. A. Edson, et al, 
U.S. Pat. 2,498,073, filed May 11, 1946, issued February 21, 1950. 


In this system, microwave energy may be detected either 
through a resonant or a non-resonant system, and switching from 
one condition to the other is easily accomplished. Microwave 
energy may be fed directly to a detector or to a tunable resonant 
cavity to which the detector may be coupled. This switching 
may be done without changing the apparent electrical length of 
the testing system. The couplings are made variable, and when 
coupling is to one system, the other may be completely dis- 
connected. 
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P15 - Electrical Apparatus, by G. G. Edlen, U. S. Pat. 2,479, 222, 
filed September 21, 1945, issued August 16, 1949, 


A resonant cavity is used as the basis of a spectrum ana- 
lyzer. The output of the cavity is detected, amplified, and 
applied to the vertical plate of aC. R. T. The tuning piston is 
coupled to a resistance which causes the voltage on the hori- 
zontal plate to vary with the tuning piston. When the cavity is 
resonant to an applied frequency, the C.R.T. will give a verti- 
cal deflection. As the cavity is tuned throughout its range, an 
output vs. frequency curve will be traced on the C.R.T. 


P16 - Resonant Wave Guide Switching, by W. F. Kannenberg, U. S. 
Pat. 2,466,439, filed April 27, 1944, issued April 5, 1949. 


The invention utilizes a high Q resonant cavity and has ad- 
justable coupling. This is accomplished by a retractable loop 
switch which projects through a slot in the end of the cavity and 


provides adjustable coupling to the TEoin mode. The tuning may be 


varied without affecting the coupling. The coupling may be made 
ineffective at will. 


P17 - Electrical Cavity Resonator, by T. C. Campbell, U. S. Pat. 
2,475,778, filed October 17, 1946, issued July 12, 1949. 


This resonant cavity permits tuning over a wide range with 
a linear relation between dial displacement and resonant frequency. | 
This is accomplished by means of a movable plunger and piston 
coupled to the dial with a bell crank mechanism, and a cross 
head. The piston motion varies as a sine function of the dial 
movements which substantially gives the desired linearity. 


P18 - Temperature Compensating Mechanism, by K. C. DeWalt, et al, 
U. S. Pat. 2,486,129, filed July 26, 1946, issued October 25, 1949, 
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This invention employs a resonating cavity with a temper- 
ature compensating mechanism that has all interengaging parts 

of the same temperature coefficient, and which compensates for 
the change in resonant frequency with temperature change. 

One of the end walls of a cylindrical cavity has an elongated 
hollow support made of the same material as the cavity extending 
from it, but with an intermediate section of material having a 
different coefficient of expansion. Connected with this elongated 
cylinder is an elongated member extending into the cavity. An 
increase of temperature tends to decrease the resonant frequency, 
but will at the same time move the elongated member outward, 
which has the effect of increasing the resonant frequency. With 
all interengaging parts having the same temperature coefficient, 
the movable parts remain well fitting and easy to adjust. 


P19 - Frequency Selective Apparatus, by W. F. Kannenberg, U. S. Pat. 
2,460,090, filed November 26, 1945, issued January 25, 1949. 


A tunable cylindrical resonant cavity is offered which gives 
a wide tuning range with freedom from interfering modes. Tun- 
ing is accomplished by means of an end plunger and piston. When 
an interfering mode is approached, the diameter of the cavity 
may be altered. This alteration removes the desired frequency 
to a region free of interfering modes. Tuning with the piston may 
then continue. The change in diameter is obtained by using a 
slightly tapered conducting cylinder of greater length than needed 
for the cavity. By movement of the end walls relative to the cylin- 
der, the effective diameter of the cavity may be changed. 


P20 - Conformal Grating Resonant Cavity, by A. G. Fox, U. S. Pat. 
2,476,034, filed July 16, 1945, issued July 12, 1949. 


Wire gratings with conductive wires conforming to the di- 
rection of the electric field are placed in a wave guide at the 
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entrance to a resonant cavity which comprises a section of 
the wave guide. The wave guide is proportioned to conduct 


waves at higher modes at the frequencies used. Grating in- 
hibits generation of modes of higher order up to TE 


2n+1,0 
mode, where n = number of grating wires. Conformal 
grating also acts as a shunt reactance of high Q, results in 
cavity having high Q. 


P21 - Echo Box Resonance Tester, by J. W. Brannin, U. S. Pat. 
2,405,814, filed May 16, 1945, issued August 13, 1946. 


A glow tube is used with a tunable resonant cavity for a 
visual indicating device. The glow tube is mounted at the end 
of a half wave (or multiple thereof) coaxial shaft, the other end 
of which couples to the cavity. The glow tube is energized by 
the cavity, and indicates resonance in the cavity. The coupling 
to the cavity is by a loop extending into the cavity. 

In one version the length of the shaft is fixed; in an alternate 
version the length can be altered by means of a screw adjustment. 


P22 - Electrical Testing System, by W. A. Edson, U. S. Pat. 2,414,456, 
filed April 19, 1945, issued January 21, 1947. 


This invention is a piece of microwave testing equipment 
with a tuned input and an untuned input. The tuned input leads 
to a resonating cavity coupled to which is a detector consisting 
of a crystal and a meter. The untuned input leads directly to 
the detector. The detector may be quickly coupled either to the 
resonant cavity or to the untuned input. The object is to provide 
a piece of test equipment which can be switched quickly from a 
frequency selective condition to a non-frequency selective condi- 
tion, without varying the apparent electrical length of the apparatus. 
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P23 - Electrical Resonator, by J. P. Kinzer, U. S. Pat. 2,500,417, 
filed April 13, 1945, issued March 14, 1950. 


The invention is a cavity resonator comprising a hollow 
cylinder of conducting material with means of exciting the 


TE513 mode. Details of design are discussed from the stand- 


point of mode chart, which is a graph of the equation 


wor 2) «(@) 


D = diameter of cavity 

L = length of cavity 

f = frequency 

r = root of Bessel function J (x) = 0 


or the derivative J,'(«) = 0 
n =nin TEg an 


Avoidance of extraneous modes is discussed. Also discussion 
of tuning range is given. 


P24 - Cavity Resonator, by W. A. Edson, U. S. Pat. 2,465,639, filed 
January 31, 1945, issued March 29, 1949. 


This resonant cavity is for use as an echo box, and is de- 
signed to give a ringtime independent of resonant frequency. 

The ringtime of an echo box is a function of the Q and the 
resonant frequency. The Q is a function of the resistivity of 
the conducting walls. Increasing the resonant frequency is 
accomplished by increasing the size of the resonant cavity by 
means of an adjustable piston forming one of the walls. This 
tends to change the ringtime. By making different portions of 
the cavity surface of different materials, it is possible to have 
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the effective resistivity, and hence, the effective Q, vary with 
frequency in such a way that the ringtime is independent of the 
tuning. This has been accomplished here by coating the interior 
of the echo box with two substances, silver and cadium, so that 
as tuning is done, varying amounts of the cadmium surface are 
exposed, altering the effective Q of the cavity. 


P25 - Cavity Resonator, by H. M. Bach, U. S. Pat. 2,463,472, filed 
March 16, 1945, issued March 1, 1949. 


A conventional oscillating cavity has for one of its walls a 
piezo-electric crystal unit with plated electrodes on the opposite 
faces. This crystal also forms part of the grid circuit of an 
electron-tube oscillator. When the oscillator is in operation, the 
mechanical motion of the crystal causes the volume of the cavity, 
and hence, the resonant frequency of the cavity, to change periodi- 
cally. In another version, the crystal forms one of the re-entrant 
faces of a toroidal cavity. 

In this way, the cavity will receive a complete band of frequen- 
cies. 


P26 - Cavity Resonator, by J. C. Schelleng, U.S. Pat. 2,453,760, 
filed March 2, 1945, issued November 16, 1948, 


This cavity is made to discriminate against unwanted modes 
by virtue of a multiple feed system. A wave guide projects into 
the cavity and divides into four branches, each having a slot 
which couples to the cavity. The position of the slots is such 
that for the fields of the TEoin mode, the four apertures excite 


the resonator in phase, thus tending to strengthen this mode at 
the expense of others. 
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P27 - Cavity Resonator Circuit, by P. S. Carter, U. S. Pat. 2,357,314, 
filed January 4, 1941, issued September 5, 1944. 


Resonant cavities are used as filters. By employing resonant 
cavities excited in two or three modes whose resonant frequencies 
are close together, passbands of desired characteristics are 
obtained. In one embodiment a rectangular cavity of sides a, b, 
and c is used, the input and output probes being located in diago- 
nally opposite corners and making equal angles with the three sides. 
This excites three fundamental modes whose wavelengths depend 
ona, b, andc. By placing the probes on opposite faces and 
oriented parallel to one of the dimensions, only two modes will be 
excited. Cylindrical and ellipsoidal cavities are employed in an 
analogous manner. This invention differs from a previous one of 
Carter (No. 2,357,313, filed October 1, 1940) in that here several 
frequencies, being close together, are excited simultaneously, 
and fundamental modes are employed, resulting in smaller cavity 
dimensions. 


P28 - Cavity Tuning Device, by I. L. Stephan, U. S. Pat. 2,409,321, 
filed December 16, 1943, issued October 15, 1946. 


An invention for compensating for temperature variations in 
tuned cavities is described. A resonant cavity changes its volume 
with change in temperature; this causes the resonant frequency to 
be changed. The resonant frequency will then not agree with the 
calibration. This invention keeps the resonant frequency constant. 
The top of the resonant cavity is a diaphragm mounted on a bridge- 
like structure. The expansion of this structure is designed to move 
the diaphragm in such a manner that the change in resonant fre- 
quency introduced by diaphragm movement will compensate for 
change in resonant frequency caused by expansion or contraction of 
the cavity. This can be accomplished by using substances of 
suitable coefficient of expansion for the bridge-like structure and 
accessory parts. | 
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P29 - Tuning Apparatus, by E. O. Thompson, U. S. Pat. 2,405,277, 
filed December 2, 1943, issued August 6, 1946, 


A mechanical method of effecting periodic variations in the 
motion of the tuning plunger of a resonant cavity is offered. The 
periodic motions are superposed on the long-range tuning sweep 
and are of relatively high frequency. The object is to avoid pass - 
ing a given frequency or wavelength at a time when no Signal is 
coming in, by introducing limited vibratory or reciprocatory 

motion while main sweep is continuing. The object is accomplished 
by use of D. C. motor for the drive, and a system of gears and 
eccentrics, When the desired frequency is reached, the over-all 
movement may be stopped while vibratory motion may continue, 


P30 - Wavemeter for Centimeter Waves, by V. D. Landon, U. S. Pat. 
2,423,506, filed November 29, 1943, issued July 8, 1947. 


This wavemeter consists of an adjustable resonant cavity 
consisting of two telescopic cylindrical sections joined together 
and providing a means of varying the volume of the cavity. The 
cavity is coupled loosely by means of a coupling rod which extends 
into the cavity and into a wave guide transmission line. A crystal 
detector and meter also are coupled to the cavity and serve as 
an indicator. 

The invention provides means for measuring wavelength of 
microwave energy and also means for measuring microwave power. 


P31 - Device for the Frequency Modulation of the Resonant Frequency of 
Cavity Resonators, by J. O. H. Fredholm, et al, U. S. Pat. 
2,436,640, filed November 24, 1943, issued February 24, 1948. 


The devices used with the resonant cavity permit the resonant 


frequency of a resonant cavity to vary periodically about some 
average frequency. The frequency deviation is made large with 
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relatively small change in volume by altering the volume of a 
relatively small cavity coupled to the main cavity. 

In addition, frequency stabilization, whereby the average 
basic frequency is kept constant, is accomplished by arranging 
cavities in a bridge connection. 


P32 - Tuner for Cavity Resonators, by E. Rostas, U. S. Pat. 2,444,066, 
filed June 3, 1943, issued July 29, 1948. 


A resonant cavity has been developed which is tunable, not 
by the usual method of using a sliding piston as one of the walls 
to vary the volume, but by the insertion of adjustable, conducting, 
bent rods or loops into the cavity to change the configuration of 
the fields. These rods may be adjusted by altering their depth 
or rotating them axially. Illustrations show the application to 
cavities of toroidal or re-entrant shapes, but the method is pre- 
sumably not restricted to cavities of a particular shape. 


P33 - Pulse Echo Testing Apparatus, by N. Bishop, U. S. Pat. 2,489,075, 
filed April 17, 1943, issued November 22, 1949. 


In this invention, the performance of a radar is evaluated 
by connecting the radar to an antenna located at the focus of a 
parabolic reflector. Facing this reflector is another parabolic 
reflector. This constitutes a reverberation device, which, when 
energized, will continue to reverberate for a time afterward. A 
portion of the energy in the reverberation device is returned to 
the radar and its effect is observed on a scope or other indi- 
cating device. The distance between the two reflectors is adjusta- 
ble for maximum response, and the duration of the response 
gives a measure of radar performance. 


P34 - Resonator Wavemeter, by W. W. Hansen, U.S. Pat. 2,439,388, 
filed December 12, 1941, issued April 13, 1948. 
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This cylindrical wave meter has features for suppressing 
unwanted modes of oscillation. It is designed for high Q and 
for convenient shape and size. Mode suppression is obtained 
by (1) the introduction of a gap between piston and cylinder, and 
subsequent operation in a mode in which the electric lines of 
force are parallel to the resulting gap, (2) the presence of re- 
sistive wires within the cavity, so situated that the electric lines 
of force for the desired mode are everywhere perpendicular to 
the wires. The undesired modes will in general have a com- 
ponent of electric field along the wires, with a consequent lower- 
ing of the Q for the undesired mode and a slight change in reso- 
nant frequency. 


P35 - Ultra High Frequency Circuit Conductor Member, by C. H. Foulkes, 
U. S. Pat. 2,356,044, filed July 1, 1942, issued August 15, 1944, 


This invention is a method of polishing the inner surface of 
a hollow conductor. If the inner surface of a wave guide or other 
hollow conductor is burnished or polished in a direction parallel 
to the direction of current flow, all scoring marks and scratches 
inclined to the direction of current flow will be removed, witha 
considerable improvement in efficiency. 


P36 - Tunable Oscillatory Circuit for Ultra-Short Waves, by K. Schtssler, 
U.S. Pat. 2,242,404, filed November 18, 1939, issued May 20, 1941. 


A tunable resonant cavity is formed of two concentric con- 
ductors, the outer being shorted by a plate at one end. The inner 
conductor is compdsed of two parts of different diameter, the 
smaller part being located at the free end and being adjustable in 
length. 


P37 - Wavemeter, by A. E. Harrison, U. S. Pat. 2,444,041, filed 
February 25, 1942, issued June 29, 1948. 
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The wavemeter is of the cylindrical resonant cavity type. 
An adjustable plunger. projects into the cavity and is used for 
tuning. The objects of the meter are (1) to give fairly uniform 
response over a variety of wavelenths, (2) to increase the 
over-all efficiency by having the indicating meter and crystal 
built integral into the equipment, and (3) to eliminate interfering 
modes. 


P38 - Resonant System for Ultra-Short Waves, by W. Engbert, U. S. 
Pat. 2,250,096, filed September 14, 1940, issued July 22, 1941. 


The invention consists of a tunable cylindrical cavity with 
a tuning piston and plunger. Electrical energy is fed into the 
cavity by means of a longitudinal slot in the side wall. At two 
opposite points in the slot are impressed the exciting potentials. 


X , 
The slot is roughly > in length, so that there is high impedance 


between the potentials, which prevents shorting of the potentials. 
No antenna or probe need be inserted into the cavity; excitation 
is from the surface of the chamber. 


P39 - Cavity Resonator, by H. Buchholz, U. S. Pat. 2,315,313, filed 
July 12, 1940, issued March 30, 1943. 


A cavity surrounded by conducting material is used as a 
resonant LC circuit. This type of circuit is especially suited 
for ultra-short waves, since for this region the physical dimen- 
sions of the cavities are conveniently small. The cavity has an 
infinite number of discrete resonant frequencies above some 
minimum resonant frequency which is determined by the di- 
mensions and shape of the cavity. Electrical energy is introduced 
into the cavity by means of dipoles or loops projecting into the 
cavity. The shape of the cavity is arbitrary; cylindrical and 
rectangular shapes are most suitable because they may be easily 
analyzed theoretically. 
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P40 - Ultra-High Frequency Signaling, by G. C. Southworth, U. S. Pat. 
2,106,771, filed April 11, 1936, issued February 1, 1938. 


In this patent various cavity resonators and other apparatus 
for various purposes are described. A cavity with a variable 
piston tuning device is coupled to a wave guide through a coupling 
hole. Crystal and other detecting devices are shown in the resonant 
cavities. Barkhausen and other oscillators are suggested for use 
as sources of microwave energy. Resonant cavity designs are 
suggested for reception of electric waves and for the amplification 
of electric waves. 


P41 - Electric-Circuit Element, by W. L. Barrow, U.S. Pat. 2,281,550, 
filed August 14, 1937, issued May 5, 1942. 


: Resonant cavities of various shapes and design are discussed. 
Their use as high frequency low-loss resonant LC circuits is 
indicated. Methods are discussed of coupling the cavities to 
sources of energy. The adjustment of the resonant frequencies 

' by means of a tuning piston is mentioned. A discussion of the 
types of fields possible in such cavities is given. 


p42 - Temperature Compensated Resonant Cavity, by A. D. Ehrenfried, 
U. S. Pat. 2,600,225, filed March 29, 1946, issued June 10, 1952. 


This cavity is compensated for change of frequency due to 
temperature changes. The apparatus accomplishing this also 
can be used to tune the cavity. 

The cavity is of cylindrical shape with flat end plates. Around 
the cylindrical wall is an annular portion of the cavity. On either 
side of the annular ring are clamping rings which make contact 
with the annular cavity ring through ring-shaped fulcrums con- 
centric with the cavity axis. The clamps have a very small 
temperature coefficient of expansion, so that the distance between 
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the two clamps does not vary with temperature. An expansion 
of the cavity wall will tend to increase the height of the annular 
ring section of the cavity. This will cause a distortion of the 
annular ring such that the inner portion will be compressed, and 
the total cavity length will be unchanged, if the proper adjustments 
are made. The clamps may be moved and will result in the alter- 
ation of the cavity length, which enables the Cavity to be tuned. 


P43 ~ Cavity Resonator Mode Suppression Means, by H. B. Brehm, U. S. 
Pat. 2,593,095, filed June 29, 1946, issued April 15, 1952. 


This cavity is designed to suppress TE modes. To accomplish 
this, radial slits are placed in the end plates and longitudinal 
slits are placed in the cylinder wall. 


P44 - Cavity Resonator, by I. G. Wilson, U. S. Pat. 2,593,234, filed 
May 12, 1945, issued April 15, 1952. 


A resonant cavity with movable end plates for tuning is con- 
structed to operate in a TE omn mode, and embodies suppression 


techniques to inhibit undesired modes. Movable end plates with 
back cavities are provided at both ends of the cylinder. In one 
case the periphery of the end plate is tapered so as to reduce the 
capacitance between the end plate and cylinder wall. This causes 
a relatively large change in the resonant frequency of those modes, 
most notably the companion TM modes, that have electric field 
existing across the gap. In another instance, the end plate has a 
rearward-extending annular flange whose length is such that the 
energy leakage for the desired mode will be minimum. Also the 
end plates may have annular slots concentric with the axis to 


inhibit current flow for non-TEo an modes. In another case, 


small holes arranged along circles concentric with the axis are 
used to suppress the undesired modes. 
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P45 - Electrical Cavity Resonator for Microwaves, by R. W. Marshall, 
U. S. Pat. 2,587,055, filed December 6, 1946, issued February 
26, 1952. 


A high-Q cavity resonator operates in the TE) a mode, and 


1 
has a crystal and meter to detect the presence of microwave 
energy. The instrument has both a tuned and untuned input, the 
latter conducting the microwave energy directly to the detector. 

A resistive attenuator projects from the cylinder wall of the cavity 
and is designed to lower the Q for extraneous modes, but affects 
only slightly the Q of the desired mode. The tuned input is an 
input transducer consisting of a section of waveguide coupled to 
the cavity by an orifice and is excited by a probe input. The un- 
tuned input leads to a similar waveguide section, but which is 
loaded at one end by its characteristic impedance, giving the ef- 
fect of an infinite line. This guide is coupled by a directional 
coupler to a chamber in which the crystal detector is situated. 

The directional coupler is needed because the cavity also is con- 
nected to this detector chamber and it is desired to avoid exciting 
the cavity from the untuned input. : 


P46 - Method and Means for Measuring Microwave Frequencies, by R. L. 
Sproull, U. S. Pat. 2,580,968, filed November 28, 1945, issued 
January 1, 1952. 


In this invention, the resonant frequency of a resonant cavity 
may be obtained by comparison with the resonant frequency of a 
standard cavity. In essence, a frequency-modulated microwave 
signal generator has its output fed into the two cavities, and the 
output of each, after detection by crystals, is viewed on an oscil- 
loscope. These potentials are applied to the vertical plates, 
while the horizontal sweep is obtained with the modulation voltage. 
Two resonance curves, one for each resonator, are seen on the 
oscilloscope. When the two resonance curves coincide, the two 
resonant cavities are at equal frequencies. 
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P47 - Tunable Resonance Chamber, by W. F. Kannenberg, U. S. Pat. 
2,573,148, filed April 3, 1945, issued October 30, 1951. 


A tunable resonant cavity is used to test radar equipment. 


This cavity operates in the TEoin mode and has concentric 


circular slits in the end plates to suppress the extraneous modes, 


particularly the companion TM yin mode. Microwave energy 


is coupled to the cavity by means of a probe-excited waveguide 
which is coupled to the cavity at the stationary end plate by means 
of a coupling orifice. Each end plate has a gap between its pe- 
riphery and the cylinder wall, which leads into a back cavity 
containing absorbing material. This aids in the suppression of 
undesired modes. The stationary end plate has adjustments to 
align it parallel to the movable end plate. 

The feed section wave guide has an electrical wavelength 


m * » where m is an even integer. The guide has a switch which 
can cut off the energy flow to the cavity; this switch is located 
a distance n is from the input end of the guide where n is an odd 


4 


x 
integer. In order that this electrical distance always be n 4? 


regardless of the resonant frequency, provision is made to de- 
press the waveguide wall to alter the wavelength in the guide. 
This depressing mechanism operates with the tuning mechanism. 


P48 - Variable Frequency Cavity Resonator, by E. G. Martin, U. S. Pat. 
2,562,323, filed April 24, 1945, issued July 31, 1951. 


This cavity resonator has for its walls a series of over- 
lapping plates which make contact with each other and, in con- 
junction with a pair of end plates, form a completely enclosed 
cavity. The plates are constructed to move radially while still 
making contact with each other, which alters the size of the cavity 
but does not change the shape of the cross-section. In this manner, 
the resonant frequency can be varied. 
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P49 - Cavity Resonator, by A. E. Kerwien, U. S. Pat. 2,560,353, filed 
March 16, 1945, issued July 10, 1951. 


The cavity resonator of this invention is of the cylindrical 


type and operates ina TEp wan mode. The energy is fed into the 


cavity through radial slits in the end plates, symmetrically 
arranged about the axis of the plate; the cavity thus has a multi- 
ple feed system. 


P50 - Constant Frequency Cavity Device, by R. L. Carnine, et al, U.S. 
Pat. 2,553,811, filed November 23, 1949, issued May 22, 1951. 


This invention is a coaxial cavity which is designed for use 
as aresonator. The cavity consists of two pairs of concentric 
conductors, each pair consisting of an inner and an outer con- 
ductor. These pairs overlap and provision is made for move- 
ment of one of the pairs relative to the other. This permits 
changes in the cavity length. The cavity is mounted on a series 
of rods joining the end plates; the rods have a relatively low 
coefficient of expansion and keep the cavity length constant 
under changes of temperature. The expansion of the cylinder 
walls is accompanied by a sliding of the coaxial rod pairs over 
each other, while the cavity length remains unchanged. 


P51 - High-Frequency Electrical Resonator, by N. L. Harris, et al, 
U. S. Pat. 2,551,672, filed January 22, 1947,issued May 8, 1951. 


A cavity of toroidal shape has flat end plates and a tubular 
side wall. The side wall is designed to move radially by sliding 
its edges along the surface of the end plates. In this manner the 
volume of the cavity may be altered and the cavity tuned. 
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P52 - Radar System Test Equipment, by W. W. Hansen, et al, U.S. 
Pat. 2,539,511, filed July 8, 1942, issued January 30, 1951. 


This test equipment is an echo box with a pickup dipole and 
meter detector. The cavity may be either cylindrical or rec- 
tangular. The input coupling devices may be probes, loops, or 
orifices. Tuning is accomplished for the cylindrical cavities 
by movement of the end plate plunger. The resonant cavity may 
Support more than one mode, and resistance wires may be mounted 
in the cavity so that they are perpendicular to the electric lines 
for the desired mode, but extraneous modes will have a component 
of electric field parallel to the wires. This will tend to damp out 
the unwanted modes without affecting the operating mode. 


P53 - Resonant Electrical Arrangement, by B. A. Bels, U. S. Pat. 
2,533,912, filed December 4, 1946, issued December 12, 1950. 


This invention is a tunable concentric line resonant cavity 
in which temperature compensation is achieved by the use of 
three metals with different temperature coefficients of expansion 
in the construction of the cavity. The metals are so distributed 
that the depth of insertion of the central conductor (which does 
not extend the full cavity length) does not change with temperature, 


P54 - Electrical Resonator and Mode Suppressor Therefor, by H. B. Brehm, 
al, U. S. Pat. 2,527,619, filed August 1, 1946, issued October 
», 1950, 


The cavity described herein is a high Q resonator operating 


in a desired TE Oln mode and having thin plates of lossy material 


placed at electric nodal planes for the desired mode. These 
plates are to be in a region of high electric intensity for the un- 
desired mode. If necessary, a movable support may be had for 
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these plates, so that as the cavity is tuned by movement of the 
end plate, the absorption plate may remain in a nodal region 
for the desired mode. 


P55 - Variable Coupling Tunable Microwave Resonator, by E. G. Linder, 
U. S. Pat. 2,524,532, filed February 27, 1946, issued October 3, 
1950. 


In this invention, the coupling to a resonant cavity may be 
made to vary with the tuning of the cavity in some prescribed 
manner. In one embodiment of the invention a probe projects 
through a tuning piston (axial movement of which varies the cavity 
frequency) and into a narrow recess in the opposite wall. As the 
plunger is moved inward, the probe moves with the piston, more 
of the probe moving into the recess on the opposite wall and leav- 
ing less of the probe to excite the cavity. In various other em- 
bodiments of the invention, a coupling loop may alter its area as 
the cavity is tuned, or the loop may change its orientation, or 
the size of a coupling orifice may change with position of the tun- 
ing plunger. 


P56 - Capacitively Tuned Concentric Line Resonator, by A. A. Mac- 
Donald, et al, U. S. Pat. 2,523,128, filed March 13, 1948, issued 
September 19, 1950. 


This cavity is a concentric line resonator which is tuned, 
not by a movable end plate as is the case with conventional cavi- 
ties, but by two pairs of plates located at one end of the cavity 
which capacitively load the cavity. One pair is adjustable which 
enables the cavity to be tuned by altering the capacitance be- 
tween these plates. 
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P57 - Multi-Resonant Cavity Resonator, by S. A. Schelkunoff, U. S. 
Pat. 2,518,383, filed August 1, 1945, issued August 8, 1950. 


An untuned cavity is used for an echo box. It is desired 
that the cavity have a large number of resonant frequencies 
very close together in the frequency range for which it is to be 
used. To accomplish this, the cavity, which is in the form of 
a rectangular prism, is built so that its three dimensions are 
all different. This design eliminates degeneracies, which 
gives more resonant frequencies. In addition, if some corners 
be cut off from the prism through a region near the corner of 
the prism, the number of resonances will be further increased, 
particularly if the lengths of the corners cut off are not equal 
and if the triangular faces of the new sections have no two sides 
equal, 


P58 - Ultra-High Frequency Wavemeter, by E. L. Ginzton,et al, U. S. 
Pat. 2,503,256, filed January 29, 1943, issued April 11, 1950. 


This wavemeter, in one embodiment, consists of a con- 
centric line cavity. A sleeve separates this cavity from a back 
cavity. The coupling between the cavities consists of a gap be- 
tween the sleeve and the inner conductor, The gap is \/4 in 
length, which gives zero impedance looping from the main to the 
back cavity. This device permits the central conductor to be ad- 
justable (for tuning purposes) without the necessity of providing 
electrical contacts between the movable center conductor and the 
cavity end wall. 


P59 - Tuning Mechanism for Resonant Cavities and the Like, by E. G. 
Martin, U. S. Pat. 2,501,728, filed May 25, 1944, issued March 28, 
1950. 


This tuning mechanism comprises a flexible diaphragm in 
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one end of a cavity, and secured at the edges. Movement of 

a tuning knob imparts motion to a threaded screw which presses 
against the diaphragm causing it to be forced inward, altering 
the cavity volume. 


P60 - Tuning Mechanism for Hollow Electrical Resonators, by N. C. 
Barford, U. 5. Pat. 2,501,303, filed September 15, 1945, issued 
March 21, 1950, 


This tuning mechanism is used with a resonant cavity and 
accomplishes tuning by movement of the cavity wall. The ad- 
justable element is arranged to pivot about two axes; movement 
about one of the axes constitutes coarse tuning, while movement 
about the other constitutes fine tuning. 


P61 - Cavity Resonator, by W. E. Bradley, U. S. Pat. 2,496,772, filed 
July 12, 1944, issued February 7, 1950. 


In this invention a resonant cavity is designed to resonate in 
two different modes with different frequencies; one of these modes 
may be tuned while the frequency of the other remains unchanged. 
This is done by inserting into the cavity a sheet of conducting 
material which is always parallel to the magnetic field and normal 
to the electric field for the constant frequency mode, but which 
is not so oriented in the case of the tunable mode. Varying the 
depth of insertion of the conducting sheet changes the frequency 
of the latter mode, but not that of the former. 


P62 - Electrical Cavity Resonator, by G. L. Usselman, U. S. Pat. 
2,487,619, filed November 16, 1943, issued November 8, 1949. 


A resonant cavity has curved vanes arranged symmetrically 


about the cavity axis. These vanes overlap one another, and the 
extent of overlap determines the resonant frequency of the cavity. 
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By a tuning arrangement the vanes may be drawn inward, increas- 
ing the amount of overlap, and decreasing the volume of the 
cavity, thus increasing the resonant frequency. The cavity end 
plates are flat and stationary. 


P63 - Resonant Circuits for Ultra-High Frequencies, by Fernand Bac, 
French Pat. 960.764, filed February 22, 1944, issued November 7, 
1949. 


This patent purports to be a hybrid cavity and describes a 
tuning mechanism which, in addition to tuning, aids in inhibiting 
unwanted modes. The resonant frequency of the dominant mode 
is determined by the diameter of the cylinder. 


P64 - Ultra-High Frequency Measuring Device, by W. E. Bradley, U. S. 
Pat. 2,483,802, filed June 20, 1944, issued October 4, 1949. 


This invention employs an untunable resonant cavity as a 
wavemeter. The output of a sweeping oscillator is applied to 
a multiple-resonant cavity, and the output of this cavity is de- 
tected and applied to the vertical plates of a cathode ray oscil- 
loscope. The sweep of the oscilloscope is synchronized with the 
sweep of the oscillator. Hence, the cavity output spectrum is 
seen on the scope. An unknown frequency is applied to another 
detector, which also receives the output of the sweeping oscillator. 
These two signals beat and the difference frequency is applied to 
the cathode ray tube, this signal being superimposed on the cavity 
spectrum. The position at which the beat frequency is zero can 
be seen on the scope and its position relative to the cavity spectrum 
can also be seen. Since the cavity spectrum is known, the 
frequency of the unknown signal is then found by noting its position 
on the cavity spectrum. 
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P65 - Improvements in or Relating to Cavity Resonators, British Pat. 
627,513, filed October 10, 1946, issued August 10, 1949. 


See U. S. Patent No. 2,593,234, filed May 12, 1945,issued 
April 15, 1952. 


P66 - Temperature Compensated Microwave Device, by E. G. Linder, 
U.S. Pat. 2,475,035, filed November 8, 1944, issued July 5, 1949, 


A resonant cavity is filled with a gas whose dielectric constant 
is an inverse function of temperature. This arrangement is used 
to compensate for frequency changes due to change of tempera- 
ture. An increase of temperature will tend to reduce the resonant 
frequency by altering the cavity dimensions and will tend to in- 
crease the resonant frequency by decreasing the dielectric constant 
of the gas. The gas and the pressure to be used are selected so 
that these two tendencies will cancel each other, making the 
resonant frequency independent of temperature. 


P67 - Tunable Resonant Cavity with Adjustable Walls, by W. A. Edson, 
et al, U. S. Pat. 2,471,419, filed July 7, 1944, issued May 31, 1949. 


This device is a resonant cavity used for testing radars. 
One of the end plates is movable, by which means the cavity is 
tuned. This end plate is moved by means of a motor, imparting 
to the plunger a reciprocating motion over a small range. This 
effectively makes the cavity tuned to a small but definite band 
of frequencies rather than to a single frequency, so that if the 
frequency of the radar under test shifts somewhat, the resonant 
cavity will yet be tuned to the radar. , 

The energy enters the system through a pickup dipole and 
the dipole is coupled to the cavity through coaxial cable and a 
coupling loop situated at the stationary end plate. This coupling 
loop is retractable and does not project into the cavity except 
when the cavity is in operation. 
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The stationary end plate is backed by a pivot and leveling 
screws to bring it into accurate parallelism with the other end 
plate. 


P68 - Variable Cavity Resonator, by J. T. Beechlyn, U. S. Pat. 2,473, 
777, filed May 17, 1945, issued June 21, 1949. 


This cavity may be tuned by altering its shape. In one 
embodiment the cavity consists of an inner and outer conductor 
concentric with the cavity axis and octagonal in cross-section. 
The two end walls are parallel. The cavity shape is changed 
by application of pressure to the end plates, which results in 
the side wall plates being bowed, the outer wall plates being 
bowed inward and the inner wall plates outward. 


P69 - Electrical Apparatus, by J. Halpern, U. S. Pat. 2,473,426, filed 
September 6, 1945, issued June 14, 1949. 


The cylindrical cavity of this invention may be tuned by 
means of an end plate plunger. The other end plate is a dia- 
phragm which may be forced to vibrate, thus periodically 
altering the resonant frequency and frequency modulating the 
cavity output. 


P70 - Tunable Cavity Resonator, by F. A. Record, U. S. Pat. .2, 463, 423, 
filed December 17, 1945, issued March 1, 1949, 


The cavity described here is elliptical in cross-section and 
has extruding folds across the center. Pressure applied to 
the ends of the cavity will cause an increased extrusion of the 
folds, altering the shape of the cavity and its resonant frequency. 
This permits a wide tuning range for the cavity. 
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P71 - Improvements in or Relating to Electrically Resonant Cavities, by 
Philips Lamps, Ltd., British Pat. 613,479, filed May 31, 1946, 
issued November 29, 1948. 


See U. S. Patent No. 2,528,387, filed May 9, 1946, issued 
October 31, 1950. 


P72 - Electric Resonance Chamber, by Western Electric, French Pat. 
939.451, filed December 24, 1946, issued April 19, 1948. 


Same as English Patent No. 605,300. 


P73 - Cavity Resonator, French Pat. 943.059, filed March 12, 1947, 
issued September 27, 1948. 


See U. S. Patent No. 2,527,619, filed August 1, 1946, 
issued October 31, 1950. 


P74 - Wavemeter for Ultra-Short Waves, by Thomson-Houston Company 
of France, French Pat. 936.708, filed April 16, 1946, issued 
February 3, 1948. 


This patent described a cylindrical type wavemeter operating 


on TEoin mode with an air or dielectric 1/4 wavelength gap at the 


end wall. This gap is intended to suppress undesired modes. 


P75 - Improvements in or Relating to Electrical Resonance Chambers, 
by Western Electric Company, British Pat. 605,300, filed December 
19, 1945, issued July 20, 1948. 


This device is a cylindrical cavity with a gap at the tuning 
plunger. Dielectric rings are introduced for suppressing unwanted 
modes. 
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P76 - Cavity Resonator Circuit, by P. S. Carter, U. S. Pat. 2,444,152, 
filed July 15, 1944, issued June 29, 1948. 


The cavities of this invention are used as passband filters. 
It is desired to obtain a wide passband without lowering the Q 
of the cavity. This is accomplished by exviting the cavity in two 
or three of its lower modes, and designing the cavity so that the 
resonant frequencies for these modes will lie close together, 
sufficiently close so that the passband for each mode will over - 
lap that of the adjacent mode. There are several embodiments 
of this invention; the cavity may be a rectangular prism with two 
or all three sides unequal, or it may be an elliptical cylinder. 


P77 - Tuning Device for Cavity Resonator, by Telefunken Co., Swedish Pat. 
114,731, filed June 10, 1943, issued June 28, 1945. 


A cavity resonator, formed by a cylinder and two flat end 
plates has a coaxial cable connected to it. This cable is so 
arranged that the outer conductor goes to one of the end plates 
while the inner conductor extends across the cavity interior to 
the opposite end plate. A movable shorting plunger in the coaxial 
cable permits the cavity to be tuned. The point of connection of 
the coaxial cable and the wave resistance of the resonator are 
chosen so that the tuning rate for the tuning plunger will be that 
desired, and the tuning curve will be linear. 


P78 - Improvements in or Relating to Electrically Resonant Cavities, by 
Philco Radio and Television Corp., British Pat. 603,119, filed 
October 24, 1945, issued June 9, 1948. 


This patent describes mode suppression techniques in resonant 
cavities. Either one of the two following conditions may be ob- 
tained: 
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1. One TE mn mode may be sustained and all other such 


modes suppressed, 

2. TM modes may be favored and all TE modes inhibited. 
This suppression is accomplished by means of rings or by slots 
of nonconducting material in the cavity wall, which interrupt 
the flow of current for undesired modes. 


P79 - Resonant Cavity Tuning Device, by H. E. Tompkins, U. S. Pat. 
2,442,671, filed February 29, 1944, issued June 1, 1948. 


In this invention, a resonant cavity is constructed of con- 
ductive stationary walls and is tuned over a relatively wide range 
by means of a rotatable tuner within the cavity. The axis of the 
tuner is transverse to both electric and magnetic fields. Move- 
ment of this tuning piece causes change in resonant frequency 
because of both the effect on the electric and on the magnetic field. 
Hence, a greater range of tuning is possible than if but one of 
these fields were affected. 


P80 - Improvements in or Relating to a Resonator Wavemeter, by Sperry- 
Gyroscope Co., British Pat. 599,487, filed March 3, 1943, issued 
March 15, 1948, 


See U. S. Patent No. 2,439,388, filed December 12, 1941, 
issued April 13, 1948. 


P81 - Tuning Arrangement for Concentric Transmission Line Resonators, 
by A. M. Gurewitsch, U. S. Pat. 2,435,442, filed December 23, 
1943, issued February 3, 1948. 


This resonant cavity of the concentric transmission line 
type comprises an outer and an inner conductor. Tuning is 
accomplished in a novel way. Instead of varying the cavity 
length by means of an adjustable end plate, the cavity is capaci- 
tively tuned. Two concentric rings are attached at the end of 
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the cavity, one to the inner conductor and one to the outer. A 
third ring is placed in the cavity and makes no contact with either 
ring, but is in close proximity with them. Movement of this ring 
varies the capacitance between the movable ring and the two 

stationary ones and changes the resonant frequency of the cavity. 


P82 - Method and Apparatus for Tuning Cavity Resonators, by Rudolph A. 
Dehn, U. S. Pat. 112,066. 


This device is an open inductive loop having its ends capaci- 
tively coupled. The loop is introduced into the cavity and provi- 
sion is made for tuning the loop, which in turn tunes the cavity. 


P83 - Electrical Resonator, by C. P. Carlson, et al, U. S. Pat. 2,426,177, 
filed June 10, 1944, issued August 26, 1947. 


This resonator is a cylindrical cavity with a movable 
end plate, and is used as an echo box for radar test purposes. 
The movable end plate has a reciprocating motion and is motor 
driven. This enables the cavity to be resonant to a much wider 
frequency band than would be the case if the end plate had no re- 
ciprocating motion. Energy is coupled to the cavity by means of 
a pickup dipole and coaxial cable terminating in a coupling loop in 
the resonant cavity. 


P84 - High Frequency Resonator and Circuits Therefor, by P. S. Carter, 
U. S. Pat. 2,424,267, filed May 16, 1944, issued July 22, 1947. 


Here resonators in the forms of rectangular prisms, right 
elliptical cylinders and oblate spheroids are used as band-pass 
filters. The cavities are constructed so that there are two resonant 
frequencies lying close together. This gives a wider bandpass 
and yet maintains a high Q. These cavities are excited by a loop 
or probe and another loop or probe is used to couple the load to 
the cavity. 
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P85 - Wavemeter, by S. D. Lavoie, U. S. Pat. Re. 22, 894, original filed 
September 24, 1941, issued July 1, 1947. 


The wavemeter described here consists of a hollow cavity 
with metal portions extending from opposite walls toward each 
other, but not making contact. These two metal portions form 
a condenser which supplies capacitance to the cavity. The cavity 
is tuned by varying the width of the gap between these two metal 
portions. Means are provided for the introduction of energy into 
the cavity. 


P86 - Wide Range Tuner for Cavity Resonators, by R. S. Julian, U. S. 
Pat. 2,418,839, filed May 12, 1943, issued April 15, 1947. 


This cavity, which is in the shape of a cylinder, is tuned by 
means of a rod extending into the cavity, this rod having its axis 
parallel to the end plates. 


P87 - Variable Cavity Resonator, by J. C. Schelleng, U. S. Pat. 2,410,109, 
filed February 13, 1943, issued October 29, 1946. 


A resonant cavity of rectangular shape is tuned by movement 
of one or two end plates. The end plates here instead of being 
flat have a more complex curvature. This is done so that an oscil- 
lator tube projecting into the cavity will not limit the minimum 
closure of the end plates. The end plates are shaped so that the 
cavity volume may be made extremely small without the tubes 
obstructing the end plate movement. 


P88 - Frequency Adjustment of Resonant Cavities, by D. H. Ring, U.S. 
Pat. 2,406,402, filed September 3, 1941, issued August 27, 1946. 


A resonant cavity may be tuned by the insertion of a metallic 
plug or screw into the cavity. If this screw be of dielectric 
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material, the frequency change will be in the opposite direction 
to that of the metallic screw inserted at the same place. The 
use of both metallic and dielectric screws will give an increased 
tuning range. 


P89 - Cavity Resonator, by D. E. Branson, U. S. Pat. 2,477,232, filed 
March 28, 1945, issued July 26, 1949. 


This invention consists of three concentric conducting cylinders, 
closed at the ends by conducting plates, thus forming two concentric 
coaxial cavities. Movement of one of the end plates enables the 
cavities to be tuned. Good electrical contact between the movable 
plates and the cavity wall is obtained by constructing these plates 
of a fabric-like conducting material on the outside, with an in- 
terior cushion of resilient non-conductive material. 


P-90 - Improvements in Electric Resonant Chambers, by E. B. Moullin, 
British Pat. 572,781, filed April 30, 1943, issued October 23, 1945. 


This invention is a coaxial cylindrical cavity into which a fixed 
and a rotating radial surface are introduced. The central cylinder 
rotates with the rotating radial surface so as to vary the smebied 
frequency continuously. Methods for suppressing unwanted modes 
in the device are included. 


P91 - Low Loss Tuning Apparatus, by W. L. Carlson, U. S. Pat.2, 363, 641, 
filed April 1, 1942, issued November 28, 1944. 


In this coaxial resonant cavity, the empty space between inner 
and outer conductor contains another pair of concentric lines as 
an additional tuning section, permitting a reduction in the over- 
all size of the cavity. This multi-cavity tuner has all the ad- 
vantages of a single cavity tuner without any substantial increase 
in size. 
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P92 - High Frequency Resonator and Circuit Therefor, by P. S. Carter, 
U. S. Pat. 2,357,313, filed October 1, 1940, issued September 5, 
1944, 


These resonant cavities are used as band-pass filters. The 
cavities are arranged to be excited in two different modes whose 
frequencies differ by a predetermined percentage. In one case, 
the resonator is in the form of a hollow rectangular prism while 
in another, the resonator is in the form of an elliptical cylinder. 


P93 - Tunable Resonant Cavity Device, by E. G. Linder, U. S. Pat. 
2,356,414, filed February 26, 1941, issued August 22, 1944, 


The cavity of this invention may be in the shape of a toroid 
or any one of numerous other shapes. The invention consists of 
the use of a conductive reed suspended from the cavity wall and 
hinged so that rotation of the reed is possible. In this manner, 
the resonant frequency and the cavity Q can be varied. 


P94 - Tuning of Resonant Cavities, by C. Lorenz Aktiengesellschaft, French 
Pat. 894.787, filed May 18, 1943, issued March 20, 1944, 


A method of tuning a resonant cavity is as follows: a small 
piece of material with a large dielectric constant is inserted into 
a cavity. The form and the position (which is variable) of this 
material is contrived so that its movement will alter the resonant 
frequency. 


P95 - Tuned Circuit and Associated Devices Therefor, by P. S, Carter, 
U. S. Pat. 2,323,201, filed January 7, 1939, issued June 29, 1943, 


A high frequency resonant cavity has the outer conductor in 
the shape of a sphere, and has two re-entrant cone-shaped portions, 
80 that the cavity somewhat resembles an hour-glass. The apices 
of the cones are flattened to increase the capacitance between the 
cones, 
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P96 - A Holiow Conductor for Ultra-High Frequency Oscillations, by 
Julius Pintsch, Kommandit Gesellschaft, French Pat. 880.564, 
filed March 26, 1942, issued January 4, 1943. 


This patent deals with coaxial and parallelepiped cavities. 
The cavities are used as mixers, filters, and selectors. A 
signal and the local oscillator excite the cavity in two modes, 
which are independent of each other. Each mode is dependent 
on a certain dimension or ratio of dimensions of the cavity. 
The detection of beat frequencies is accomplished by coupling 
to diodes. 


P97 - Tuning Arrangement for Cavity Resonators, by A. L. Samuel, 
U. S. Pat. 2,306,282, filed June 28, 1941, issued December 22, 
1942. 


The tuning arrangement described herein is used for cavities 
supporting an electron beam. The cavity, which is of cylindrical 
shape, has a slot in the wall parallel to the cavity axis anda 
plate slides through this slot into the cavity to accomplish tuning. 
By coupling the plate to a motor driven cam, the cavity may be 
frequency modulated. 


P98 - Tuned Oscillatory Circuit, by S. Koch, et al, U. S. Pat. 2 ie 880, 
filed May 17, 1941, issued August 11, 1942. 


This invention consists of a cylindrical resonant cavity with 
central rods extending from the end plates along the cylinder 
axis, and separated by a gap in the center of the cavity. A con- 
ducting disk is situated in the cavity between the two conductors 
and is designed to move from regions of large electric field to 
regions of large magnetic field. In this manner the resonant 
frequency of the cavity may be adjusted. 
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P99 - Concentric Resonant Line, by C. W. Hansell, U. S. Pat. 2,286,408, 
filed April 17, 1938, issued June 16, 1942. 


This concentric line resonator is designed to overcome two 
defects inherent in previous line resonators: (1) the end plate 
where the two conductors are joined will be distorted as the 
temperature changes, but it will not be known whether the plate 
will bow outward or inward; (2) the region where the central 
conductor contacts the end plate will vary as the end plate is 
distorted. The first defect is overcome by bowing the end plate, 
so that the direction of additional warping will be known. The 
second defect is overcome by having the end plate contact the 
central conductor through a wedge shaped conductor, which en- 
ables the point of contact between conductor and end plate to be 
accurately known for all temperatures. 


P100 —Tuning Device, by I. E. Mouromtseff, et al, U. S. Pat. 2,263,184, 
filed October 9, 1940, issued November 18, 1941. 


This tuning device is used to tune a cavity in which a beam 
of electrons passes. The resonant frequency of the electron 
discharge will depend upon the width of the gap across which the 
beam passes. The gap distance is varied by depressing the cavity 
wall in the region of the gap. To accomplish this, the cavity wall 
in this region is made slightly flexible and a mechanical means 
of forcing the cavity inward is contrived. 


P101 - Frequency Stabilization at Ultra-High Frequencies, by F. B. 
Llewellyn, U. S. Pat. 2,262,020, filed January 15, 1938, issued 
November 11, 1941. 


The resonant cavity described here is cylindrical with flat 
end plates and has a length of at least 1/4 of its diameter. 
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Through the center of one of the end plates projects a conducting 
rod which is insulated from the cavity wall. This conductor 
terminates on a conducting disk within the cavity which has a 
diameter of about 1/5 the cavity diameter, and is situated about 
L/5 or less from the end plate through which the conducting rod 
projects, where L is the cavity length. This device constitutes 
the coupling to the cavity, through which microwave energy is 
introduced. 


P102 - Short Electromagnetic Wave Oscillatory Circuit, by J. M. Unk, 
U. S. Pat. 2,251,085, filed March 9, 1940, issued July 29, 1941. 


A resonant cavity consists of two concentric cylindrical 
conductors, joined together at one end and the inner one designed 
to move relative to the outer one, to accomplish tuning. Electri- 
cally connected to the other end of the central conductor and to 
the outer conductor is a diaphragm. The diaphragm serves to 
capacitively couple the inner and outer conductor. 


P103 - Wavemeter, by D. D. Zottu, U. S. Pat. 2,245,138, filed January 
21, 1937, issued June 10, 1941. 


This wavemeter consists of a cylindrical cavity into which 
extends a conducting rod. Movement of the end plate to which 
the conducting rod is attached results in the tuning of the cavity. 
In another form of the invention the central rod has a metallic 
disk at its free end, providing capacitance between the disk and 
end plate, which permits the cavity to be shorter than would 
otherwise be the case. 


P104 - Frequency Indicator, by W. H. C. Higgins, U. S. Pat. 2,235,521, 
filed July 26, 1939, issued March 18, 1941. 


This frequency indicator is a concentric line cavity with a 
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central conducting rod extending along the cavity axis, but not 
the full cavity length. Mounted within the cavity is a diode 
which is used as a detector. 


P105 - Temperature Cycling, by C. W. Hansell, U. S. Pat. 2,205,851, 
filed April 1, 1938, issued June 25, 1940. 


Resonant line cavity resonators tend to alter their resonant 
frequency over a period of years due to the fact that the metal 
composing the cavity has stresses introduced during the manu- 
facture of the cavity. These stresses cause a slow alteration 
of the cavity shape. This invention constitutes a method of re- 
ducing these dimensional changes by subjecting the resonator, 
after manufacture, to extremes of heat and cold. 


P106 - Ultra-Short Wave Apparatus, by H. O. Peterson, U.S. Pat. 
2,201,199, filed April 2, 1934, issued May 21, 1940. 


This apparatus consists of two cylindrical cavities, one 
residing within the other. These cavities are used as oscillatory 
circuits, generally with the surface of the inner cavity and that 
of the outer connected to different elements of a vacuum tube 
used as an oscillator. 


P107 - Electromagnetic Resonator, by W. Dallenbach, U. S. Pat. 2,199, 045, 
filed January 29, 1937, issued April 30, 1940. 


The resonator described herein is in the shape of a torus. 
Energy is admitted to this cavity by means of a gap on the inner 
equator of the torus, which couples the cavity to a line which ex- 
tends through the center of the torus. 


P108 - Wavemeter, by A. E. Bowen, U. S. Pat. 2,106,713, filed April 21, 
1936, issued February 1, 1938. 
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This wavemeter is a coaxial line with a shorting end 
plate at one end, the position of which is adjustable. At the 
other end a probe projects into a waveguide for the purpose 
of abstracting a convenient, but negligibly small, amount of 
energy from the guide. The depth of insertion of the probe 
can be adjusted. A meter and detecting crystal are coupled 
to the coaxial line and detect the presence of standing waves. 
Wavelength is measured by moving the shorting end plate out- 
ward and finding the positions of resonance. Resonance will 
occur every time the line is increased by \/2. Frequency is 
found from the relation f = c/X. 


P109 - Low Power Factor Line Resonator, by J. W. Conklin, et al, 
U. S. Pat. 2,103,515, filed August 31, 1935, issued December 28, 
1937. 


A line resonator consists of an inner and outer conductor, 
with shorting plates on the ends of the outer conductor. The inner 
conductor is electrically connected to the outer conductor through 
one of the end plates, while the other end of the inner conductor 
is free. At this end there is an adjustable element consisting of 
a bellows or a sliding part, which permits adjustment of the length 
of the central conductor. This permits the cavity to be tuned. 
The movable element is fastened to the end plate by means of a 
rod which extends through the central conductor and which has a 
very low temperature coefficient of expansion. This causes the 
length of the inner conductor, and hence, the resonant frequency, 
to be independent of temperature fluctuations. 


P110 - High Frequency Wavemeter, by G. L. Grundmann, U. S. Pat. 
2,086,615, filed April 9, 1936, issued July 13, 1937. 


The wavemeter described herein is a cylindrical resonant 
cavity with a central conductor extending along the axis throughout 
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a portion of the cavity. Tuning is accomplished by varying 
the depth of insertion of the rod. The rod is removable and 
rods of various lengths may be substituted, each rod making 
possible a different range of frequencies. 


Plll - Electromagnetic Resonator, by Julius Pintsch Aktiengesellischaft, 
French Pat. 817.017, filed January 29, 1937, issued May 15, 1937. 


Same as U.S. Patent No. 2,199,045, filed January 29, 1937, 
issued April 30, 1940. 


Pll2 - Oscillation Circuit for Electric Waves, by H. O. Roosenstein, 
U. S. Pat. 1,955,093, filed July 7, 1930, issued April 17, 1934. 


This oscillatory circuit is of the concentric line type, en- 
closed at both ends by end plates. At one end are two sets of 
plates, one movable and one stationary, which serve as a vari- 
able capacitor fortuning purposes. 


P113 - Electromagnetic Cavity Resonator with High Q, by N. V. Philips 
Gloeilampenfabrieken, Swiss Pat. 270,382, filed July 27, 1948, 
issued August 31, 1950. 


This cavity is designed so as to give high Q without lowering 
the frequency or operating in higher modes. In general, the Q 
of a cavity is increased by increasing the size. This, however, 
lowers the resonant frequency unless one goes to higher modes. 
In this invention the frequency is maintained while still operating 
in the lower mode. To do this, the cavity is constructed of a 
number of congruent figures with plane surfaces, in which border- 
ing figures each share jointly a whole side surface and are so 
arranged that the cavity cannot be constructed from larger multi- 
laterally congruent figures. The cavity will then be resonant to 
a frequency equal to the resonant frequency for one of the consti- 
tuent geometric figures. Frequencies lower than this will be in- 
hibited. 
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P114 - A Tunable Electromagnetic Resonant Cavity, N. V. Philips 
Gloeilampenfabrieken, Swiss Pat. 250,195, filed May 31, 1944, 
issued August 15, 1947, 


This cavity resonator is in the shape of a rectangular 
prism. The cavity is tuned by altering one of the cavity di- 
mensions. By selecting the longest direction as the one of 
variable length, the cavity tuning rate may be made small, 
which will result in more exact tuning. The cavity is charac- 
terized by the fact that the excitation frequency is not more 
than 15 per cent greater than the cutoff frequency. This aids 
in decreasing the tuning rate. The invention is not restricted, 
however, to cavities of the above mentioned shape. 
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Tl - Development of an Echo Box for 130-150 MC/S Band, Report No. 
WLEAE-1-101, Watson Laboratories, A.M.C., Red Bank, N. J., 
46 pages, September 1948. (Unclassified) 


A design has been submitted for the development of an echo 

box for the 130 to 150 mcs band. A theoretical discussion of 
the design procedure is given. The desired characteristics are 

. stated and their attainment discussed. It was decided to use a 
coaxial quarter wave length resonant cavity, operating on the TEM 
mode. This decision arose because hollow cavities without central 
conductors are too large at this low frequency band. A half wave 
coaxial cavity was also considered and regarded as somewhat less 
desirable because of its larger size and greater plunger motion 
required for tuning. Expressions for loaded Q and expected ring- 
time are developed and applied. In addition, there is contained 
in the appendix the development of a mode chart, and of expres - 
sions for power loss in the cavity, and for coupling by means of 
a coupling loop. Graphs and bibliography also are given. 


T2 - Requirements for Echo Box for 130-154 MC/S Band, Exhibit No. 
WLENG-1167, Watson Laboratories, A.M.C., Red Bank, N. J., 
12 pages, November 19, 1948. (Restricted) 


A detailed list of the specifications for the 130-154 mcs 
echo box is given. The Joint Army-Navy Standard Specifications 
listed in AESA List No. 100, entitled ''List of Approved Electronic 
Standards"! apply to this exhibit wherever applicable. Other 
specifications also form a part of this exhibit. The specifications 
cover detailed requirements, inspection and test procedures, 
packing and marking. 


T3 - Echo Box Application, by J. M. Wolf, Report 1040, Radiation Labo- 


ratory, Massachusetts Institute of Technology, 59 pages, April 18, 
1946. (Unclassified) 
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Echo boxes have been found the simplest tool for field 
measurement of absolute radar performance on all radars 
for which their use is suited. Needed are a reliable echo box, 
simple means for coupling to the radar, suitable means in the 
radar for measuring ringtime, and provision for predicting 
ringtime. Tests have been made to determine observation 
errors in ringtime measurements. These tests include ability 
of observer to repeat his measurements, agreement of different 
observers, effect of experience in reading ringtime, and the effect 
of factors such as pulse repetition frequency, presentation time, 
and scope persistence. The use of directional couplers is sug- 
gested. Criteria of good echo boxes and methods for testing 
echo boxes are discussed. Means for predicting "expected ring- 
time'' are developed. Echo box tests include measurement of 
TR-box recovery, measurement of receiver band pass, spectrum 
and pulse length determination, and the localization of "jitter". 
(Author's abstract) 


T4 - Instruction Book for Echo Box, Radar Test Equipment, Navy Model 
OBU-3, Ships 308(B), U. S. Navy Dept., Bureau of Ships, Johnson 
Service Co., Milwaukee, Wisconsin, May 21, 1945. (Restricted) 


A general description of the OBU-3 echo box is given, along 
with directions for its installation, operation, adjustment, and 
maintenance. Topics include ringing time and its measurement, 
correlation with radar performance, and spectrum analysis with 
the echo box. Tests for over-all performance, transmitter power, 
frequency and frequency pulling, erratic transmitter operation, 
automatic frequency control performance, TR - box and re- 
ceiver recovery, and transmission line loss are discussed. A 
brief, non-mathematical discussion of the basic theory is given. 
There are numerous graphs, diagrams, and illustrations, in- 
cluding sample radar test sheets. 
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T5 - Echo Boxes TS-270/UP and TS-270A/UP, TM-11-1086, War Dept. 
Technical Manual, about 40 pages, June 14, 1945. (Unclassified) 


A general description of the TS-270/UP echo box is given, 
along with directions for its installation, operation, adjustment, 
and maintenance. Topics include ringing time and its measure- 
ment, correlation with radar performance, and spectrum analy- 
sis with the echo box. Tests of over-all performance, trans- 
mitter power, frequency and frequency pulling, erratic trans- 
mitter operations, automatic frequency control performance, 
TR - box and receiver recovery, and transmission line loss are 
discussed. A brief, non-mathematical discussion of the basic 
theory involved is given. There are numerous graphs, diagrams, 
and illustrations, including sample radar test sheets. 


T6 - Calculation of Expected Ringtime and Policy for Setting Rated Values 
and Maintenance Limits for Ringtime, Report 554, Radiation Labora- 
tory, Massachusetts Institute of Technology, Cambridge, Mass., 

8 pages, July 28, 1945. (Unclassified) 


An "intuitive" derivation for the ringing time of an echo 
box is given. Ringing time is taken to be proportional to: 

1. Level difference between transmitter peak power and 

receiver sensitivity. 

2. Twice the attenuation loss between echo box and radar. 

3. Decrement of echo box. 

4, Charging constant for echo box. 

The results are applied to calculation of expected ringing 
time for the SS radar, and a rated peak ringing time of 5800 
yards was obtained. 


T7 - Review of Information on Resonant Cavities, Bell Telephone Labora- 


tories, Case 23458-5, 3510, JPK-WY, about 70 pages, January 8, 
1943. (Unclassified) 
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The theory of resonant cavities is given, and formulas for 
the different modes of oscillation in terms of cavity parameters 
are derived. An extensive bibliography is contained. Curves 
and tables are presented to permit the calculation of the resonant 
frequencies and Q values of electrical cavity resonators of three 
simple shapes: the rectangular prism, the perfect cylinder, 
and the full coaxial formed by two coaxial cylinders. 


T8 - Tuned Ringing Cavities Theory, Bell Telephone Laboratories, Case 
23458-5, 3510, JPK-HS, 44 pages, December 2, 1943. (Unclassified) 


An equation for the ringing time of a tuned resonant cavity 
is derived and experimentally verified. In another approach, the 
cavity is treated as a series resonant RLC circuit. The 
cavity is assumed to be representable by a two-mesh loosely- 
coupled circuit in which the Q of the primary is small compared 
to that of the secondary and the applied pulse is rectangular and 
of the same frequency as the reradiated frequency of the cavity. 
The use of Fourier series and the Fourier integral in analyzing 
the response of the cavity to a pulse is discussed, but because 
of the difficulties involved, a transient approach is indicated as 
preferable. Both lead to the same results. A bibliography is 
included. 


T9 - The Resonant Echo Box, Report 55-1, Pamphlet by W. H. Fenn, 
Radiation Laboratory, Massachusetts Institute of Technology, 26 
pages, September 4, 1942. (Unclassified) 


The echo box described here consists of a high Q resonant 
cavity so coupled to the radar system as to produce an artificial 
echo signal extending two to three miles beyond the transmitted 
pulse. It is shown that the length of this signal can be used as a 
measure of system performance. With the resonator described, 
which has a Q greater than 20,000, a change of echo signal length 
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of one microsecond is shown to result from a change of system 
performance of 4 db provided that the signal length is greater 
than the time taken for the T-R box to recover. Experimental 
results are given together with a description of echo box instal- 
lations on airborne radar systems. (Author's abstract) 


T10 - K-Band Echo Line, Report 974, by J. M. Wolf, Radiation Laboratory, 
Massachusetts Institute of Technology, 14 pages, January 1, 1941, 
(Unclassified) 


An echo line is a long wave guide in which the radar pulse 
re-echoes, producing a series of pulses on the indicator for test 
purposes. The fabrication and testing of an 18" helix of oversize 
K-band wave guide 150! long is discussed. Tests showed the at- 
tenuation to be .029 db/ft, which suggests the use of such over- 
size wave guides for radar transmission lines. 


T1l - Optimum Operation of Echo Boxes, by W. M. Hall and W. L. 
Pritchard, Raytheon Mfg. Co., Newton 58, Mass. , 14 pages. 
(Unclassified) 


The parameters determining ringing time for an echo box 
in a radar system are examined, and the conditions for optimum 
ringing time established. Two specific arrangements, namely, 
the echo box coupled through a directional coupler and through a 
test dipole, are treated in detail. 

Representative curves of ringing time as functions of various 
parameters and curves of power extracted by the echo box are 
included. It will be seen that simply increasing the loaded Q of 
a cavity will not increase the ringing time past a certain maximum, 
and that there is an optimum value of loaded Q which is a function 
of the radar power, receiver sensitivity, pulse length, and the 
method of coupling the cavity to the radar. (Author's abstract) 
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T1l2 - Final Engineering Report for Echo Box FR-41(xw-1)/U and FR-41 
(xw-2)/U, Polarad Electronics Corp., July 31, 1951. (Restricted) 


Part I of this report consists of four sections each of which 
provides technical data for the development of the mechanical 
and electrical parts of the equipment. Each phase of the echo 
box equipment is discussed in detail. Special emphasis is given 
to the mechanical construction and design. Conclusions are 
derived and listed from the theoretical considerations and final 
experiments of the echo boxes. 

Part II consists of recommendations for future mechanical 
and electrical construction of the equipment. 

In Part III, 23 illustrations and schematics are provided 
for reference material. 

Part IV, an appendix, is the instruction manual for the engi- 
neering model of the echo box FR-41(xw-2)/U. This instruction 
manual is provided to illustrate how well the purpose of the 
contract has been translated into equipment.(Author's abstract) 


T13 - A Treatment of Echo Box Problems by Lagrangian Procedures, 
Part Il, Report No. 696, Radiation Laboratory, Massachusetts 
Institute of Technology. (Unclassified) 


The two sections included in this report are additional appli- 
cations of Lagrangian procedures to echo box problems and 
supplement those of RL Report 629. A knowledge of the latter 
is essential to an understanding of the material presented here. 
The first section shows that the gap is not a small perturbation 
and that the superposition of it with ellipticity of the cylinder 
introduces an interaction effect. The resultant additions to the 
equivalent network are tabulated. The second section gives a 
means of handling the question of gap geometry to a first approxi- 
mation. The end result is a simple equation for the electrical 
reluctance of the gap. (Author's abstract) 
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T14 - Field Strength Measurements in Resonant Cavities, by Leonard C. 
Maier, Jr., Tech. Report 143, Massachusetts Institute of Technology, 
Research Laboratory for Electronics, November 2, 1949, 
(Unclassified) 


Perturbations are discussed. The perturbation effects of 
metallic spheres and circular metallic needles (ellipses rotated 
about the major axis) are given. There is an experimental veri- 
fication of the theory. Field strengths have been measured where 
the fields could not be found analytically. Cylindrical cavities 
are not considered. 


T15 - Microwave Field Measurements II, Cavity Resonators for Continu- 
ous Axial and Rotary Movement of Modes, by Beverly C. Dunn, Jr., 
N5ori-76, Task I, Cruft Laboratories, Harvard University, October 
3, 1949, 31 pp. (Unclassified) 


The resonator is used for studying the response of conduct- 
ing loops to electromagnetic fields. The method employed is 
to compare calculated field characteristics in the cavity with 
measurements of these characteristics as made with the loops 
being investigated. A loop to be studied is placed in a field rotary 
mounted along a 5-3/4" diameter tube. A given resonant mode 
can be moved axially and rotated with respect to the loop mount 
by means of corresponding motions of identical pistons, on which 
are mounted the necessary exciting and monitor antennas, polar - 
izers, etc. The mechanical and electrical features of the reso- 
nator are discussed and illustrated together with associated 
equipment and experimental methods. At 3000 mes, the resona- 


tor can sustain six modal series: TE hn’ TMoin? TE on’ TM, in’ 


TE oan’ and TE ain The mode spectra for these series are displayed 


and discussed with respect to choosing suitably pure modes for 
study. A comparison between measured and theoretically calcu- 
lated field characteristics at the cylindrical surface of the cavity 
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is illustrated for the TE, 18 mode. The comparison extends 


to all characteristics of the surface fields or the equivalent 
surface densities, that is, to the amplitude and phase of sur- 
face charge and to the direction, amplitude and phase of sur- 
face current. The measurements were made with both small 
and large filaments and loops in order to examine the effect 
_of the over-all perturbation of cavity fields (by the loop under 
test) upon the experimental methods. Within a moderate range 
of cavity loading the results indicate the feasibility of the technique 
of mode-movement; that is, the negligibility of depolarization 
effects, contact variations, off-resonant mode levels, and the 
effects of the over-all perturbation upon the phase constancy of 
cavity fields, amplitude monitoring, and the specification of 
mode location. (Author's abstract) 


T16 - Shunt Resistance of Tunable Cavity Resonators, by Richard Honey, 
Stanford University Electronics Research Laboratory, Contract 
N6-onr-251, Consolidated Task 7, Report No. 9, August 15, 1949, 
12 pp. (Unclassified) 


This paper is an attempt to explain the wide variation in 
shunt resistance often encountered in tunable cavity resonators. 
These variations are found to be due to the field configurations 
resulting from mode intersections. The data were obtained 
largely with the aid of two Kron Network Analyzers at Stanford 
Electronics Research Lab. (Author's abstract) 


T17 - A Survey of Methods of Determining the Shunt Resistance for Klystron 
Resonant Cavities, by V. B. Westburg, Tech. Rept. No. ll, 
Stanford University Electronics Research Laboratory, Contract 
N6-onr-251, Task 7, November 30, 1948. (Unclassified) 


The definition of shunt resistance is presented and the basis 
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and application of various types of circuit analogies to a general 
resonant cavity are discussed. There is an explanation of 
several different ways of measuring the shunt resistance, some 
being more direct than others, but all involving a meticulous 
use of experimental techniques. The measured values of a 
given resonant cavity by certain of the methods are presented 
and the results evaluated. A good discussion of equivalent 
circuits is given. (Author's abstract) 


T18 - Circumferential Resonances in Concentric Line Cavities, by E. G. 
Goddard, Stanford University Electronics Research Laboratory, 
Tech. Report No. 3, November 1, 1947. (Unclassified) 


The tuning characteristics for a coaxial type cavity may be 
calculated approximately for simple gap configurations, but when 
the gap is altered to any degree, as is the case in cavities for 
oscillators, such calculations become very laborious. A study 
has been made of a large number of cavities to determine the 
effect of changes in the cavity characteristic impedance and 
gap configurations upon tuning characteristics. Of particular 
interest have been the interference regions of the 3 4/4 and 5 2/4 


TEM principle modes with the TE), 1 circumferential mode. Non- 


dimensional tuning curves which may be used for the design of 
cavities at other frequencies are given. (Author's abstract) 


T19 - A Treatment of Echo Box Problems by Lagrangian Procedures, 
Radiation Laboratory, Massachusetts Institute of Technology, Re- 
port 629, January 13, 1945, 65 pp. (Unclassified) 


In this report procedures are applied to the following echo 
box problems: coupling loops, dissipation in the walls, devi- 
ation of the planes of the ends of the box from perpendicularity 
to the axis, the presence of an air gap between the piston and 
the cylindrical wall, eccentricity of the piston, and the presence 
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of a back cavity and of bakelite in this cavity. The results 
are placed in the form of matrices, which show how the 
equivalent network is affected and how the various meshes 

of this network are coupled by the above structural peculiari- 
ties. Experimental data are given which are in agreement 
with the theory obtained. (Author's abstract) 


T20 - Perturbation Theory for Cavities, by H. A. Bethe and J. Schwinger, 
D1-117, National Defense Research Committee Contractor's Re- 
port, Cornell University, March 4, 1943. (Unclassified) 


A perturbation theory is developed which permits one to 
calculate the change of resonant frequency of a cavity caused 
by some small change of the cavity. It is first applied to the 
effect of the insertion of a dielectric of small volume on the 
frequency and Q value, e.g., the effect of the glass in a TR- 
box. A method is described by which cavity resonators can be 
used to measure the dielectric constant and the magnetic perme- 
ability of a small sample of material. The effect on the frequen- 
cy of small changes of shape or volume of the cavity (small 
plugs) and that of windows in the cavity walls is calculated. 
(Author's abstract) 
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Al - Electromagnetic Resonant Behavior of a Confocal Spheroidal Cavity 
System in the Microwave Region, by J. C. Simons and J. C. Slater, 
J. Applied Physics, 23, 29-30, January 1952, 


The resonance of a small spheroidal object in a large sphe- 
roidal cavity is investigated. This approximates the case of a 
thin needle-like aerial ina large cavity. It is shown that this 
needle, if thin enough, shows marked resonant properties, in 
that when the cavity is tuned to a resonant frequency defined by 
the needle, the magnetic field on the surface of the needle is 
greatly enhanced. This property can be used in a practical way 
in measuring surface impedance of the material of which the needle 
is composed; at resonance most of the loss in the cavity is located 
at the surface of the needle and depends on the material of which 
it is composed. 

(From Electrical Engineering Abstracts, 1913, 1952.) 


A2 - Resonance Frequency of Spheroidal Cavity Resonator, by T. Nimura, 
Science Report of the Research Institute of Téhoku Universit » B, 1-2, 
73-90, January 1951, 


Using spherical coordinates and a spheroidal wave function, 
the electromagnetic fields of oblate and prolate spheroidal cavity 
resonators are analyzed and their resonance frequencies are given 
when they have rotational symmetrical fields. 

(From Electrical Engineering Abstracts, 922, 1952.) 


A3 - A High Power Attenuating Tuner for a High Q 10 cm Cavity, by R. R. 
Perron, Note in Rev. Sci. Instrum. 22, 116-117, February 1951. 
ee eee 


A water-filled polystyrene attenuating segment is mounted on 
a carriage such that it can be positioned longitudinally in a slotted 
section of waveguide. The attenuator can pivot about one end for 
the control of the attenuation. 
(From Electrical Engineering Abstracts, 2848, 1951.) 
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A4 - A Cylindrical Cavity Filled with a D.C. Discharge, by G. W. Stuart,ZJr., 
and P. Rosen, Letter in J. Applied Phys., 22, 236, February 1951. 


Expressions are given for resonant frequency and Q-factor. 
(From Electrical Engineering Abstracts, 2004, 1951.) 


A5 - On the Theory of Electromagnetic Waves in Resonant Cavities, by 
H. B. G. Casimir, Philips Research Reports, 6, 162-182, June, 1951. 


The theory of standing electromagnetic waves in resonant 
cavities is surveyed. The formal analogy between the modes of 
vibration of a cavity, the modes of vibration of a network of dis- 
crete elements, and the vibration of a simple LC circuit is empha- 
sized. Special attention is given to the theory of perturbations, 
and this theory is then applied to a number of examples, including 
the determination of the high frequency properties of magnetic 
materials by means of cavities into which small spheres of the 
material are introduced, and the coupling of two identical cavities 
by a small hole in a dividing wall. The zero-point energy of 
empty space is considered. 

(From Electrical Engineering Abstracts, 3503, 1951.) 


A6é - Optimum Operation of Echo Boxes, by W. M. Hall and W. L. Prit- 
chard, Proc. Inst. Radio. Engrs., 39, 680-684, June, 1951. 


The parameters determining ringtime for an echo box ina 
radar system are examined and the conditions for optimum ring- 
time established. Two specific arrangements, namely, the echo 
box coupled directly to the guide and the echo box coupled through 
a directional coupler are treated in detail. Merely increasing 
the loaded Q-factor of a cavity does not increase the ringing 
time past a certain maximum, and there is an optimum value of 
loaded Q which is a function of the radar power, receiver sensiti- 
vity, pulse length and the method of coupling the cavity to the 
transmitter. 

(From Electrical Engineering Abstracts, 3504, 1951.) 
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A7 - Design and Construction of Cavity-Wavemeters for Centimeter 
Waves, by M. L. Toppinga, Tijdschrift van het Nederlandsch 
Radiogenootschap, (Baarn), 16, 185-207, July, 1951. In Dutch. 


The wavemeter described can be used in the 5-7 cm wave- 
length band. Attention is paid to the method of excitation and 
detection: also to a method of suppression of unwanted modes. 
A graph shows the position of the wanted and unwanted modes, 
relative to each other. ; 

(From Electrical Engineering Abstracts, 4224, 1951.) 


A8 - Microwave Filters Employing a Single Cavity Excited in More than 
One Mode, by W. G. Lin, J. Appl. Phys., 22, 989-1001, August 
1951. 


A cavity resonator with input and output couplings represents 
a two-terminal pair network with an infinite number of natural 
modes of oscillation. In some cavities of Special shape, a 
number of degenerate modes with identical natural frequencies 
can be found. In a single cavity, various numbers of these 
degenerate modes can be coupled together to form a chain of 
coupled circuits by perturbing the otherwise ideal geometrical 
configuration of the cavity. The filter behavior is described, 
and the two-terminal-pair network realizing this is obtained 
by a process of synthesis. 
(From Electrical Engineering Abstracts, 3910, 1951.) 


AY - Artificial Dielectrics for Microwaves, by W. M. Sharpless, Proc. 
Inst. Radio Engrs., 39, 1389-93, November, 1951, 


A theory of parallel strip dielectrics is developed. It is pos - 
sible to introduce strip loading into a cylindrical coaxial cavity 
without introducing edge effects. The effective dielectric proper - 
ties of the strips are deduced from the readings of a slotted line 
connected to the cavity through a coned section. Experimental 
data at 3 and7cm are tabulated. 

(From Electrical Engineering Abstracts, 1912, 1952.) 
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Al0 - On the influence of Circular Holes in Cavity Resonators, by W. 
Klein, Zeitschrift fir angewandte Physik. , 3, 253-9, November 7, 
1951. In German. 


When two or more cavity resonators are coupled directly 
through holes in mutually separating walls, coupled circuits 
exist. The theory and influence of coupling on the behavior of 
cavity resonators are described. The experimental investigations 
were carried out at 10 cm and 25 cm. 

(From Electrical Engineering Abstracts, 1911, 1952.) 


All - Present Position of Centimeter-Wave Technique, by H. Déring, 
Hochfrequenztechnik und Weltraumfahrt. Stutgart, S. Hirzel 
Verlag, 19-35, 1951. In German. 


A brief survey of modern centimeter -techniques, covering 
coaxial lines, waveguides cavity resonators, and amplifying 
and oscillating tubes such as magnetrons, klystrons and traveling- 
wave tubes. 

(From Electrical Engineering Abstracts, 1280, 1952.) 


Alz2 - Theory of Slotted Cylindrical Cavities with Transverse Electric 
Fields, by K. Fujisawa, Technical Report, Osaka University, 1, 
(No. 1-9), 69-87, 1951. 


A theory of transverse electric fields is developed which is 
applicable to the slotted cavities of magnetrons and aerials. 
Green's function is calculated for typical shapes of cross-section. 
Equivalent parallel circuits can be derived and the frequency 
limits of their validity is discussed. The theory has been con- 
firmed for cross-section squares, rectangles, full circles, and 
segments of circles. Some relations of the roots of Bessel func- 
tions are derived. 

(From Electrical Engineering Abstracts, 3896, 1951.) 
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Al3 - Dynamic Measurement of Q-Factors and Natural Frequencies of 
Cavity Resonators Possessing a Single Coupling Element, by 
M. Denis and S. Couybes, Annales de Radioélectricité, 5, 54-61, 
January 1950. In French. 


The method is analyzed theoretically and a description 
given of the equipment. The method enables the resonant 
frequency, Q-factor, and equivalent shunt impedance of a 
rhumbatron loaded by an electron beam, and their alteration 
with varying parameters to be determined. 

(From Electrical Engineering Abstracts, 1050, 1950.) 


Al4 - The Perturbation of the Resonant Frequencies of Concentric Spheri- 
cal Resonators, by Displacement of the Inner Sphere, by J. Broc, 
Comptes Rendus Hebdomadaires des Séances de 1 'Académie des 
Sciences, 230, 285-6, January 16, 1950. In French. 


The calculation was carried out by both analytical and pertur- 
bation methods. Good agreement is obtained in particular cases. 
(From Electrical Engineering Abstracts, 1559, 1950.) 


Al5 - Effect of the Deformation of a Cylindrical Cavity Resonator on the 


Wavelength of the E10 and Eo Modes, by R. Muller, Zeitschrift 


fur Naturforschung, 5a, 332-4, June, 1950. In German. 


The effect is discussed mainly in connection with Essen 
and Gordon Smith's measurements of the velocity of light. (See 
Abstract 2887, 1948.) It vanishes for the E mode, and 
therefore results obtained by using this mode are more accurate. 
(From Electrical Engineering Abstracts, 4298, 1950.) 


Al6é - The Transmission Characteristics of a Cavity Resonator as a Cou- 
pling. Transformer, by A. Kach, Archiv der Elektrischen Uber- 
tragung, 4, 301-8, August, 1950. In German. 


The transmission characteristics of a cavity resonator with 
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loss-free quadripoles inserted in the input and output coaxials 
are calculated. Formulae are given for the bandwidth, loss 
and resonant frequency, including effects due to loss in the 
cavity. Tests made at 2000 mcs support the theory. 

(From Electrical Engineering Abstracts, 298, 1951.) 


Al7 - Some Perturbation Effects in Cavity Resonators, by A. Cunliffe 


and L. E. S. Mathias, Proc. Inst. Elec. Engrs., Pt. III, 97, 
367-75, September 1950. 


An investigation, partly theoretical and partly experimental , 
has been made of some effects which occur when the boundary 
of a cavity is deformed slightly. First, the theory of natural 
electromagnetic oscillations inside lossless cavities is summa- 
rized. Then a general theory, on the lines of first-order per- 
turbation theory is given. The theory has been applied to the 
perturbation of a right-circular cylindrical cavity. Two cases 


have been considered: the E10 mode, a non-degenerate case; 


and the Hoi and Endl modes, a triply degenerate case. These 


two cases have also been investigated experimentally. Theory 
and experiment are in reasonable agreement, even for quite 
large deformations, when the deformation is applied gradually 
over a large area of the cavity wall. For sharp changes in the 
geometry of the cavity wall, however, it appears that the first- 
order perturbation theory can be applied only for very small 
distortions. The general results obtained show that from the 
frequencies of other modes, a deformation of the boundary 
changes only the frequency of the operating mode and not its 
electromagnetic field configuration. If the frequency of the 
operating mode is near to the frequencies of other modes, a 
slight deformation of the cavity boundary, as well as changing 
the frequency of the operating mode, may also change its electro- 
magnetic field configuration. 'Lossy'" material or resistance 
wires, introduced into a cavity to damp out unwanted modes, may 
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also affect the desired resonance if certain types of deformation 
are present. , 
(From Electrical Engineering Abstracts, 4297, 1950.) 


A18 - Detection of Small Variations in the Quality Factor of a Resonant 
Cavity, by R. Malvano and M. Panetti, Alta Frequenza, 19, 
231-43, October-December, 1950. In Italian. 


A dynamical method for detecting small variations of the 
Q-factor of a cavity resonator is described. The microwave 
energy feeding the cavity is frequency-modulated and part of 

it is transmitted to a detecting circuit. The relative variations 

of the average output voltage are proportional to AQ. The errors 
Q 

caused by variations in the characteristics of the generator and 

the detector are negligible owing to the frequency modulation. 

As an example, the method is applied to examine the absorption 

spectra of paramagnetic substances observed by the magnetic 

resonance method and directly recorded on an oscillograph 

screen. 

(From Electrical Engineering Abstracts, 1576, 1951.) 


Al19 - Separation of Degenerate Modes of Oscillation in Perturbed Rec- 
tangular Cavities, by F. Bosinelli, Alta Frequenza, 19, 244-58, 
October-December, 1950. In Italian. 


Slater's general theory is applied to determine the relative 
k 

frequency shifts = of the originally degenerate TE- and TM- 
modes of a rectangular prismatic cavity, one face of which is 
slightly rotated about one of its edges. The theory also applies 
where the degeneracy arises from dimensional symmetry, and 
is illustrated for such a case. A useful bibliography is included. 
(From Electrical Engineering Abstracts, 1575, 1951.) 
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A20 - Forced Oscillations in a Hollow Spherical Resonator, by A. A. 
Piotrovskii, J. Technical Physics, USSR; 20(No. 3), 282-94, 
1950. In Russian. 


This paper deals with the excitation of oscillations by a 
turn situated at the center of the resonator, the derivation 
being based on the case of a resonator with an ideally con- 
ducting envelope, proceeding to finite conductivity of the ma- 
terial of the resonator. The two limiting cases considered 
are those of infinite input resistance of the exciting winding 
(parallel resonance) and minimum input resistance (series 
resonance). 

(From Electrical Engineering Abstracts, 3918, 1950.) 


A21 - On Avoiding Low Frequencies in a Rectangular Cavity Resonator 
Used as Part of a Triode Generator, by K. F. Niessen, Applied 
Scientific Research, B1 (No. 5), 325-40, 1950. 


If the bottom and the top plate of a rectangular cavity reso- 
nator are increased, so that a 'sideroom" is added to the origi- 
nal resonator, its natural frequencies will be changed. Special 
attention is paid to fields independent of the height. The side- 
room can be chosen so that all lower frequencies are changed 
except one (the frequency required), the corresponding nodal 
figure remaining unchanged. A means is indicated of eliminat- 
ing the unwanted vibrations and of increasing the quality of the 
resonator for the required frequency at the same time. 

(From Electrical Engineering Abstracts, 1949, 1950.) 


A22 - On Some Results in the Theory of Coupled Electromagnetic Cavity 
Resonators, by E. Ledinegg and P. Urban, Acta Physica Austri- 
aca, 4 (No. 2-3), 186-96, 1950. In German. 


The method and results of a previous paper (Abstracts 2228, 
1949) (cf No. A44) are extended and a general theory is now given 
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for the oscillations of a system of coupled resonators which 
are of interest in cm-wave technique. The coupling frequen- 
cies are calculated and compared with experimental results, 
and the influence of damping in the resonator is considered. 
An analysis is made of the oscillations of a system consisting 
of two circular cylinders coupled by a concentric cell. 

(From Electrical Engineering Abstracts, 1574, 1951.) 


A23 - On The Representation of the Complete System of Resonances of 
Arbitrary Cylindrical Cavity Resonators with Horizontal Strati- 
fication of the Dielectric Medium, by E. Ledinegg and P. Urban, 
Acta Physica Austriaca, 3 (No. 4), 320-41, 1950. In German. 


It is shown that, as in a resonator with only a single die- 
lectric constant, the fields are either TE or TM. The TEM 
modes occur if the section of the resonator is multiply connected. 
General expressions for the fields are given. The case of a die- 
lectric constant which varies over the section in such a way 
that the second derivative is continuous is applied to a discon- 
tinuous boundary between two media, by Fourier analysis. The 
expressions for the last case are given in some detail because 
of their utility in dielectric measurement. 

(From Electrical Engineering Abstracts, 3533, 1950.) 


A24 - On Driving and Coupling Electromagnetic Cavities, by J. Bernier, 
Annales de Radioélectricité, 4, 3-11, January 1949, In French. 


The results of Bethe (Abstract 524, 1945), for coupling by 
means of holes in the walls of the cavity are compared with the 
results for coupling by loops and probes. The hole acts as a 
combination of loop and probe and can give coupling in either 
sense according to the relative direction of the fields. 
(From Electrical Engineering Abstracts, 2582, 1949.) 
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A25 - Microwave Modulation by Variable Circuit Elements Comprising 
Waveguides or Cavity Resonators, by A. N. Bhattacharyya, 
Indian Journal of Physics, 23, 175-83, April, 1949. 


A driving mechanism similar to that of an electrodynamic 
loud-speaker is utilized for varying the dimensions of a wave- 
guide or cavity resonator according to the voice frequency 
signals so that microwaves passing through the guide may either 
be amplitude- or phase-modulated and the microwave output of 
the cavity resonator may be amplitude-modulated. The same 
mechanism is also applied for varying the length of a probe 
inside a guide resulting in load impedance modulation. 

(From Electrical Engineering Abstracts, 4081, 1949.) 


A26 - Design of an Echo Box, by J. H. Vogelman, Radio-Electronic- 
Engineering, 13, 16-18, 31, November, 1949. (Also in Report 
No. WLEAE, 1-101.) 


Describes the design of a quarter-wave echo box for the 
measurement of radar performance. Five references are 
given to papers describing the operation and application. To 
meet the requirements of decay rate, a Q-factor of 4000 is 
necessary, but for the required band pass the Q-factor must 
be 20000. The actual dimensions of the box to cover a tuning 
range of 130-154 mcs are 43 inches x 23 inches diameter with 
a plunger movement of 3.5 inches. Formulae are given for 
calculating the dimensions of the box, the tuning dial calibration 
and compensation and the ringtime. The tuning after correction 
is accurate to 0.1 mcs. The ringing time is 336 microseconds 
and variation 1 per cent. Tables of values for this particular 
box are given. 

(From Electrical Engineering Abstracts, 1051, 1950.) 
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A27 ~ Analogue Studies of Losses in Reflex Oscillator Cavities, by F. W. 
Schott and K. R. Spangenberg, Proc. Inst. Radio Engrs., 37, 
1409-18, December, 1949. 


Describes the application of a network analogue to the de- 
termination of loss in resonant cavities. The expressions for 
the cavity shunt resistance, Q-factor and dielectric loss are 
developed, the method of measurement described and some typi- 
cal results are discussed. Particular attention is given to the 
avoidance of zero shunt resistance in resonators capable of 
covering an extended tuning range. 

(From Electrical Engineering Abstracts, 1560, 1950.) 


A28 - Design of Tunable Resonant Cavities with Constant Bandwidth, by 
L. D. Smullen, Proc. Inst. Radio Engrs., 37, 1442-3, December, 
1949. 


(No abstract given, Electrical Engineering Abstracts, 
1211, 1950.) 


A29 - Impedance of Resonant Transmission Lines and Waveguides, by 
W. W. Harman, J. Appl. Phys., 20, 1252-5, December, 1949. 


The relations of the Q-factor to the impedance of a resonant 
transmission line is clarified. Universal curves relating Q- 
factor and resonant impedance of capacitively terminated trans - 
mission-line and waveguide sections are presented and dis- 
cussed. Their use in cavity resonator design and as a method 
for measuring resonator shunt resistance is considered. 

(From Electrical Engineering Abstracts, 1151, 1950.) 


A30 - Nodal Planes in a Perturbed Cavity Resonator, II, by K. F. Niessen, 
Applied Scientific Research, Bl (No. 4), 251-60, 1949. 


Starting from a field with one nodal plane, parallel to one 
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of the walls of the original resonator, a combination of functions 
analogous to that described in Part I is obtained, fulfilling the 
conditions in the perturbed resonators. It appears that two 

of these functions must be multiplied by coefficients of the order 
of 8. For the ratio of the coefficients of the order of 1, two 
values are found, and consequently, two solutions for the per- 
turbed field with two different frequencies. Neither of these 
solutions return to the original unperturbed functions for 5—~+0. 
A brief discussion is given of the behavior of the nodal plane. 
(From Electrical Engineering Abstracts, 2899, 1949.) 


A31 - Nodal Planes in a Perturbed Cavity Resonator, III, by K. F. 
Niessen, Applied Scientific Research, Bl (No. 4), 284-98, 1949. 


In choosing in the unperturbed resonator a vibration having 
two nodal planes (one parallel and one perpendicular to the 
movable wall) the mathematics required is quite different from 
that of Part II. Again a combination of functions is chosen, the 
coefficients of which have to be determined. It appears that all 
these coefficients, except that belonging to the original function, 
must be of the order of §, as foundinI. There is only one possi- 
ble solution and its nodal figure is permanent, being no function 
of the time. Instead of the two intersecting nodal planes y = > 


and z = - existing for 5 = 0, are obtained for5 > 0 two sheets, 


the intersection of which with a plane perpendicular to the x-axis 
resembles an orthogonal hyperbola and the difference between 
the new and the original nodal system is relatively large in the 
neighborhood of the central axis of the resonator. The use of 
this effect for the construction of special resonators containing 
a 'sideroom" and a bar is shown. 

(From Electrical Engineering Abstracts, 2900, 1949.) 
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A32 - Perturbation of the Boundaries of Special Types of Electro- 
magnetic Cavity Resonators, by H. L. Knudson, Transactions 
of the Danish Academy of Technical Sciences, (No. 2), 5-28, 
1949. 


The following perturbation problems are discussed in de- 
tail: (1) Variations in the curved surface of a long cylinder ; 
(2) Variation of the end surfaces of a short circular cylinder 
for the TM p50 mode; (3) Variation of the radial surfaces in 


a spherical resonator. 
(From Electrical Engineering Abstracts, 2343, 1950.) 


A33 - Perturbation Calculations on Electromagnetic Resonators with 
Multiple Eigen-values, by E. Ledinegg, Osterreichisches Ingeni- 
eur Archiv., (Vienna) 3 (No. 3), 215-21, 1949. In German. 


The perturbation theory of cavities in which degeneracy is 
eliminated by a small deformation of the boundary is developed: 
first, for the case of n-fold degeneracy and then for two-fold 
degeneracy. 

(From Electrical Engineering Abstracts, 556, 1950.) 


A34 - Phenomena in Electromagnetic Resonators Near the Coincidence 
Points of the Natural Frequencies, by V. B. Steinschlager, Dok- 
lady Akademii Nauk, USSR, 65 (No. 5), 669-72, 1949. In Russian. 


Circular cylindrical resonators, using the H.-wave, are 
widely used, mainly for measuring purposes, for two reasons: 
(1) the quality factor of the Hy) “wave resonator is the highest 


one; (2) the Hy -wave is free of an axial current component. 


Therefore the unwanted resonances of the other waves may be 
considerably attenuated without impairing the quality factor of 


the H,-resonance. Only at such positions of the piston where 
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the suppressed wave and the resonator's H)-wave have equal 


natural frequencies, a serious drop in the quality of the reso- 
nator occurs. This hitherto unexplained phenomenon is ana- 
lyzed theoretically. 

(Electrical Engineering Abstracts, 3467, 1949.) 


A35 - On the Calculation of the Mistuning of Electromagnetic Cavities 
with Applications to the Experimental Determination of Dielectric 
Constants in the Centimeter Wave Region, by E. Ledinegg, 
Osterreiches Ingenieur Archiv., 3, (No. 2), 128-39, 1949. In 
German. 7 


A mathematical discussion of the effects of a thin plate of 
dielectric material in a cylindrical cavity. Exact analysis is 
difficult; approximations are derived by the integration of Max- 
well's equations and their application to the measurement of 
permittivity is discussed. 

(From Electrical Engineering Abstracts, 558, 1950.) 


A36 - The Experimental Measurement of Resonant Impedance in Electro- 
magnetic Resonators, by F. Borgnis, Helvetica Physica Acta, 22 
(No. 5), 555-78, 1949. In German. 


The theory of several methods of measurement, by per- 
turbing the capacitance, the inductance, or the parallel re- 
sistance is given. Experimental results for several resonators 
at 14cm wavelength measured by a variety of methods are 
given. The results are considered to be accurate within 10 per 
cent. The methods described are only applicable to resonators 
in which the electric field is homogeneous in an area big enough 
to contain the perturbing element. 

(From Electrical Engineering Abstracts, 557, 1950.) 
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A37 - A General Theory of Ultra Short-Wave Circuits, I and II, by S. 
Tomonaga, J. of the Physical Society of Japan, 2, 158-71, 
November-December, 1947, 3, 93-105, March-June, 1948. 

In English. 


The matrix theory of waveguide and concentric line net- 
works is developed. The general theory is discussed and the 
characteristic matrix for the network is introduced and its 
properties examined. Some examples of the application of the 
theory to waveguide tees are given. In Part II the matrix e- 
quivalent of the load is introduced and problems of cylindrical 
cavities are discussed and formulae for the transmission and 
reflection given. 

(From Electrical Engineering Abstracts, 3744, 1949.) 


A38 - Calculation of the Equivalent Circuits of a Cavity Resonator, by 
N. N. Malov, Journal of Technical Physics, USSR, 18, 421-30, 
April, 1948. In Russian. 


Complexity of the field of cavity resonators makes determi- 
nation of the equivalent circuits difficult. However, rigorous 
analysis shows that the following four conditions lead to a reason- 
able definition of "electric" equivalence between resonator and 
substituted circuit: (a) Equality or the electric energy, (b) 
equality of charges, (c) equality of the ''goodness"', (d) iso- 
chronism of the oscillations. A similar set of four conditions 
has to be satisfied for the magnetic equivalence. The method 
is used for finding the equivalent circuit of a cylindrical reso- 


nator in which a standing wave of the type Aoi has been set up. 


(From Electrical Engineering Abstracts, 4076, 1949.) 


A39 - Some Bessel Equations and Their Application to Guide and Cavity 
Theory, by M. Kline, J. Math. Phys., 27, 37-48, April, 1948. 


The existence of roots of the equation given in Abstracts 
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2581, 1949, is established for values of k near zero. It is 
shown that as k—~0 the roots approach roots of J) = 0 


and Jt (x) = 0, respectively. This result is applied in sever - 


al ways to the theory of waveguides and cavities. 
(From Electrical Engineering Abstracts, 2901, 1949.) 


A40 - Table of Roots for Natural Frequencies in Coaxial Type Cavities, 
by H. B. Dwight, J. Math. Phys., 27, 84-9, April, 1948. 


The roots of the equations, Ji*) N (&*) - J (Kx) N() = 0, 
Jt (x) Ni (Kx) - J (kx) Ni (x) = O are tabulated for a set of 


values of k ranging from 1.0 to 50. Pa 
(From Electrical Engineering Abstracts, 2581, 1949.) 


A41 - The Method of Feeding Microwave Power into a Resonator Having 
a Fine-Mode Structure, by G. R. Newbery, and W. E. Willshaw, 
Nature, London, 161, 519-20, April 3, 1948. 


Details are given of the method of feed into a resonator de- 
signed for a linear electron accelerator (Abstract 3120, 1947) 
with 24 cavities and a separation in frequency between adjacent 
modes of only 0.2 per cent (6 mcs at 3000 mcs). The power 
absorbed by the resonator (390 kw) was 60 per cent of the power 
output of the magnetron when fed into a matched load. The 
frequency stability achieved indicated that a considerably longer 
resonator, with correspondingly finer mode structure, can be 
satisfactorily fed. 

(From Electrical Engineering Abstracts, 2268, 1948.) 


A42 - Study of Transient Conditions in Waveguides and Electromagnetic 
Cavities, by T. Kahan and L. Colombo, Comptes Rendus Heb- 
domadaires des Séances de 1'Académie des Sciences, Paris, 226, 

2060-1, June 21, 1948. In French. 
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Fourier transforms are applied to Maxwell's equations 
for a dipole excited guide or cavity. A formal solution for 
the admittance to the step function is obtained, indicating 
how spectrum analysis can be applied to the solution of re- 
sponse to transients from the known solution for study sinu- 
soidal oscillation. 

(From Electrical Engineering Abstracts, 3071, 1948.) 


A43 - On The Forced Electromagnetic Oscillations in Spherical Reso- 
nators, by O. E. H. Rydbeck, Phil. Mag., 39, 633-44, August, 
1948, aie 


A mathematical analysis of the oscillations is presented. 
Their dependence on the exciting source is examined, and the 
solutions obtained show the degree of excitation of the various 
modes and orders. Transverse electric and transverse mag- 
netic waves are treated separately, and the equivalent circuit 
for a resonator with two current loops is given. The impedances 
of the coupling loops are calculated. 

(From Electrical Engineering Abstracts, 3089, 1948.) 


A44 - The Theory of Coupled Oscillations of Cavity Resonators, by E. 
Ledinegg, and P. Urban, Acta Physica Austriaca, 2, 198-214, 
September 1948. In German. 


The general equations for a set of coupled cavities are set 
up and solved by means of perturbation theory, so that the reso- 
nances appear as the roots of a secular determinant. The re- 
sults are applied to two coaxial lines with a coaxial coupling 
and two inductively coupled quasi-stationary circuits. 

(From Electrical Engineering Abstracts, 2228, 1949.) 
(cf No. A22) 
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A45 - On the Measurement of Cavity Impedance, by W. W. Hansen, 
and R. F. Post, J. Appl. Phys., 19, 1059-61, November, 1948. 


The cavity impedance is measured by determining the 
changes in resonant wavelength caused by the introduction of 
small cylinders into the cavity. The cylinders are chosen to 
have the same diameter, but are of various heights. If a screw 
plunger be used, "negative cylinders" can be introduced, and 
so the rate of change of resonant wavelength to height of cylinder 
can be determined for the case of a cylinder of zero height. It 
is shown that a simplified expression applies to this special 
case, because a cylinder of zero height does not disturb the 
field distribution within the cavity. An experimental check has 
been made using calculable cavities. The accuracy is about 
+5 per cent. The method has been extended so as to give a 
simple means of comparing the impedances of cavities. 

(From Electrical Engineering Abstracts, 2425, 1949.) 


A46 - Pot Circuits as Resonators in Decimeter Wave Technique, by 
G. Megla, Electrotechnik, Berlin, 2, 305-12, November, 1948. 
In German. 


Circuits derived from quarter-wave coaxial lines are dis- 
cussed. Methods of coupling, building in planar grid valves 
and increasing the wavelength of physically small circuits are 
considered. Equivalent circuits are derived and the resonance 
conditions obtained. Approximations for the parallel impedance 
are given. 

(From Electrical Engineering Abstracts, 2229, 1949.) 


A47 - The Design and Use of Resonant Cavity Wavemeters for Spectrum 
Measurements of Pulsed Transmitters at Wavelengths Near 10 cm., 
by H. R. Allan and C. D. Curling, J. Inst. Elec. Engrs. , 95, 
Part II, 473-85, November 1948. —~ © ””©=©=— 


The Aoi mode of resonance is employed and the resonant 
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frequency is varied by the axial movement of a rod through 
one of the end walls of the cylindrical cavity. The most 
suitable dimensions of the cavity and rod are found by calcu- 
lation. The effects of surface irregularities and of plating 
and coating the surface with polystyrene are calculated. The 
nature of the response of the wavemeter and diode detection 
to pulsed oscillations is discussed. 

(From Electrical Engineering Abstracts, 447, 1949.) 


A48 - Microwave Breakdown of a Gas ina Cylindrical Cavity of Arbi- 
trary Length, by M. A. Herlin, and S. C. Brown, Phys. Rev., 
74, 1650-6, December 1, 1948. 


It is possible to consider breakdown in a cylindrical micro- 
wave cavity whose radius is much greater than its length as 
approaching the condition of parallel plate breakdown. This 
assumption has been used to measure high frequency ionization 
coefficients. The paper investigates the corrections to be made 
when the length is increased. Numerical results are given for 
cavities whose ratios of radius to length are as low as 0.5, 
and show that the method is applicable to any cylindrical cavity. 
The breakdown data in these longer cavities are used to extend 
to the high frequency ionization coefficient curves for air by a 
factor of 10. 

(From Electrical Engineering Abstracts, 2230, 1949.) 


A49 - The Analogies Between the Vibrations of Elastic Membranes and 
Electromagnetic Fields in Guides and Cavities, by E. C. Cherry, 
Instn. Elect. Engrs., Paper 734, December, 1948, 13 pages. 


The electromechanical analogies between inductances and 
capacitances in lumped circuits on the one hand, and masses 
and springs on the other, are commonly known, and are ex- 
tremely useful in many ways. In the paper the analogies are 
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extended to distributed elements, the detailed relations being 
shown between the electromagnetic fields in cavities, wave- 
guides, etc. (with or without discontinuities) and the mechani- 
cal vibrations of elastic sheets having similar boundaries. 
The conclusions reached are quite general and apply to plane 
sections of these electromagnetic fields, having any conducting 
boundaries, and with either TE or TM modes. The equivalent 
lumped circuits, whereby such fields may be represented to 
any degree of accuracy desired, are considered and illustrated 
by experimental examples. It is shown that these circuits re- 
sult from applying the method of relaxation to the distributed 
field calculation. It is shown that, although two sets of electro- 
mechanical analogies are commonly applied to circuits of one 
dimension (such as transmission lines and filters), only one of 
these sets is at all applicable to distributed systems, namely 
that in which velocity corresponds to voltage (or E vector), 
and force corresponds, nearly,to current (or H vector). This 
latter analogy is strictly true only for regions with circular 
boundaries. Again, mass corresponds to capacitance (or to T) 
and elastic constant to inverse inductance (or to 1/y). The 
possible applications of such analogies fall into two classes. In 
the first, elastic membranes are stretched over frames of 
suitable shape, and a study of their vibration patterns may 
assist in the design of microwave components, such as valve 
anode blocks, resonators, etc. In the second, the development 
of the lumped equivalent circuits, which are essentially two- 
dimensional circuits, is a contribution to the general study of 
periodic structures. The selectivity and impedance properties 
of these lumped circuits are examined in relation to the proper- 
ties of conventional constant-k filter structures. 

(From Electrical Engineering Abstracts, 526, 1949.) 


A50 - A Method of Approximate Calculation of Self Resonances of Electr - 


magnetic Cavity Resonators of Irregular Shape, by G. V. Kisunko, 
Radioteknika, 3, (No. 5), 24-35, 1948. In Russian. 
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The resonator is split up into component regular bodies 
whose characteristic functions are established. The limiting 
zones are then investigated and replaced by approximated 
regular boundaries to satisfy the demand of continuous Poynt- 
ing vector penetrating these boundaries. The case of uniform 
isotropic dielectric spaces surrounded by infinitely conductive 
cylindrical boundaries is analyzed in detail; as a practical 
example, free oscillations in a system of parallel cylinders 
connected with each other by longitudinal slots are calculated. 
(From Electrical Engineering Abstracts, 1856, 1949.) 


A51 - Electronics Including Fundamental Emission Phenomena. II. 
Non-radiating Electromagnetic Systems, by R. Honerjager, 
R. Muller and H. Meinke, FIAT. Rev. German Science, 1939- 
46, (Off. Mil. Govt. Germany), 31-64, 1948. In German. 


A survey of German work on electromagnetic waves in 
waveguides, on cavities and on circuit elements for v.h.f. 
undertaken during the war. A systematic analytical treat- 
ment of wave propagation and excitation by electrical and 
magnetic dipoles is presented for three waveguide types (rec- 
tangular, circular and annular cross-sections). Transmis- 
sion damping due to finite conductivity of walls and reflection 
and refraction effects are treated in detail. Waveguide ele- 
ments are described, required for non-reflective connectors, 
couplers, bifurcations, changeovers from symmetrical to 
assymetrical transmission, attenuators, etc. 

(From Electrical Engineering Abstracts, 3363, 1949.) 


A52 - Nodal Planes in a Perturbed Cavity Resonator, I, by K. F. Niessen, 
Applied Scientific Research, Bl (No. 3), 187-94, 1948. 


The perturbed cavity resonator under consideration is 
generated from a prismatic cavity with square cross-section 
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by rotation of one of its walls through a small angle 6 about 
its edge. The electric field vector is assumed to be every- 
where parallel to that edge. Part I deals with the fundamental 
vibration only. The change in resonance frequency and the 
distortion of the electromagnetic field due to the perturbations 
are calculated. In Part II (to be published), two fields, each 
with one nodal plane, are considered separately. Part III will 
deal with the case of two nodal planes perpendicular to each 
other. In II and III the change in resonance frequency is calcu- 
lated and special attention is paid to the distortion of the nodal 
planes. 

(From Electrical Engineering Abstracts, 1178, 1949.) 

(cf No. A30, A31) 


A53 - On the Variation of the Resonant Wavelength and Attenuation of 
Hollow Circular Discs Containing Dielectric Rings, by E. M. 
Philipp,Acta Physica Austriaca, 1, (No. 3), 246-58, 1948. In 
German. 7 


Systems with axial symmetry are considered. These are 
(1) a disc of given thickness and radius, containing a dielectric 
ring of given thickness, the position of which may be varied 
(by varying the radii of the ring); (2) a disc, whose thickness 
is constant from the center up to a given radius, and then is 
constant but of greater value to the extreme radius; the disc 
contains a dielectric ring, as before. Expressions for the 
electric and magnetic field components in the various spaces 
are obtained and these are used to derive expressions for the 
resonant wavelength and attenuation. The variation, with po- 
sition of the ring, is exhibited graphically. 

(From Electrical Engineering Abstracts, 2567, 1948.) 


A54 - Radiation of Cavity Oscillations through a Hole as Analogue § f the 


Tunnel Effect, by P. E. Krasnushkin and E. R. Mustel, J. of 
Tech. Phys., USSR, 18, (No. 11), 1378-93, 1948. In Russian. 
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Investigation of the emission of electromagnetic waves 
set up in a cavity resonator connected with outer space by 
aneck. It is shown that the emission of the resonator may 
be treated as an analogue of the tunnel effect of quantum 
mechanics. Theory is confirmed by a series of experiments 
in the cm-wave band. 

(From Electrical Engineering Abstracts, 1463, 1949.) 


A55 - End Plate and Side Wall Currents in Circular Cylinder Cavity 
Resonators, by J. P. Kinzer and I. G. Wilson, Bell Syst. Tech. 
J., 26, 31-79, January, 1947. 


Formulae are given for the calculation of the current 
streamlines and intensity in the walls of a circular cavity 
resonator. Tables are given which permit the calculation 
to be carried out for many of the lower order modes. The 


x 
integration of Jy (x) dx is discussed; the integration is 
t 
oO J) (x) 
carried out for 2= 1, 2, and 3 and tables of the function are 
given. The current distribution for a number of modes is 


shown by plates and figures. 
(From Electrical Engineering Abstracts, 2578, 1947.) 


A56 - Cavity Resonators for Measurements with Centimeter Electro- 
magnetic Waves, by B. Bleaney, J. H. N. Loubser, andR. P. 
Penrose, Proc. of the Phys. Soc., London, 59, 185-99, March, 
1947. 


A wavemeter for wavelengths of ~l1 cm , with an accuracy 
of 1 to 2 parts in 10,000, is described, based on a new system 


of coupling to the Hy mode in resonant cavities, which avoids 


the excitation of other modes. An indirect effect due to simul- 
taneous resonance in two different modes is discussed in relation 
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to the measurement of absorption by resonant cavities. 
The permittivities or six non-polar liquids have been de- 
termined by means of wavemeters of this type, at wavelengths 
of 3.2 and 1.35 cm. The values obtained at the two wave- 
lengths agree in all cases within three parts in 10,000, and 
do not differ appreciably from the accepted 1.f. values. The 
temperature coefficient of the permittivity is compared with 
that calculated from the dilatation of the fluid. The power - 


factors vary between 1074 and 2x ee the higher values 
may be due to traces of polar impurity. 
(From Electrical Engineering Abstracts, 1983, 1947.) 


A57 - A Graphical and Numerical Design Method For Cavity Resonators, 
by M. Abele, Alta Frequenza, 16, 174-91, June-August, 1947. 
In Italian. 


A new method for calculating the parameter of the oscil- 
lating resonator is described. The resonator is assumed to 
be axially symmetric. Lines of electric force within the cavity 
may be determined, as well as the fundamental resonant frequen- 
cy and the Q-factor. Two examples are given: (1) a cylindrical 
cavity with circular cross-section, (2) the same cavity with 
a second, coaxial cylinder of smaller length introduced. 

(From Electrical Engineering Abstracts, 380, 1948.) 


A58 - Some Results on Cylindrical Cavity Resonators, by J. P. Kinzer, 
and I. G. Wilson, Bell Syst. Tech. J., 26, 410-45, July, 1947. 


The following results are derived: -- an approximation formu- 
la for the total number of resonances in a circular cylinder ; 
conditions to yield the minimum volume circular cylinder for 
an assigned Q; limitation of the frequency range of a tunable 
circular cylinder as set by ambiguity; resonant frequencies of an 
elliptic cylinder; resonant frequencies and Q of a coaxial reso- 
nator in its higher modes. A brief discussion is given of fins in 
a circular cylinder. 

( From Electrical Engineering Abstracts 379, 1948.) 
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A59 - Approximate Methods Regarding Electromagnetic Waves in 
Hollow Pipes and Cavities, by T. J. Kihara, Journal of the 
Physical Society of Japan, 2, 65-70, July-August, 1947. In 
English. ~ 


The following questions are discussed: - the application 
of the variation principle to the calculation of resonances; radi- 
ation from a dipole in a guide; iris diaphragms; the use of the 
W. B. K. method; perturbation theory for curved pipes. 

(From Electrical Engineering Abstracts, 3733, 1949.) 


A60 - Charts for Resonant Frequencies of Cavities, by R. N. Bracewell, 
Proc. Inst. Radio Engrs., N. Y., 35, 830-41, August, 1947. 


Six charts are given for designing cylindrical resonant 
cavities whose cross-sections are circles, concentric circles, 
squares, or rectangles. A new method called the "mode lattice’ 
is used for representing multiple-resonance phenomena. The 
mode lattice is an alignment chart which relates the size and 
shape of a cavity with resonant wavelength for a larger number 
of modes. Points distributed on a lattice represent the modes. 
A set of equations has been derived for calculating the effect of 
small changes in dimensions or wavelength for resonators of 
all the above shapes. 

(From Electrical Engineering Abstracts, 2849, 1947.) 


A61 - Approximate Equivalent Circuit for a Resonator Transducer, by 
W. R. MacLean, Proc. Inst. Radio Engrs., N. Y., 35, 1095-6, 
October, 1947. 


The equivalent circuit of a high-Q resonator transducer is 
given as a set of unit transducers connected in series on both 
ends. Each unit is a tank circuit with NL/C = 1207, and two 
ideal transformers whose turns ratios are given for loops or 
probes in terms of electrode geometry and a quantity called 
relative volume. 

(From Electrical Engineering Abstracts, 155, 1948.) 
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A62 - Electromagnetic Cavity Resonators, by G. DeVries, Philips Tech. 
Rev., 9 (No. 3), 73-84, 1947. 


The modes of oscillation of resonators whose dimensions 
in the direction of one axis are small compared with the other 
dimensions are discussed in elementary terms. The treatment 
is extended to the cube, and Q-values are considered. A final 
section deals with the coupling between similar resonators ob- 
tained by a hole in a common wall; this uses the results of 
Bethe (Abstracts 524, 1945). 

(From Electrical Engineering Abstracts, 733, 1948.) 


A63 - On A Cavity Resonator of High Quality for the Fundamental Frequen- 
cy, by K. F. Niessen, Applied Scientific Research, Bl (No. 1), 
18-34, 1947. 


The quality of a cavity resonator, the cross-section of 
which is a parallelogram of a very special shape, is evaluated. 
The resonator is very suitable where good quality is required 
without the possibility of lower frequencies occurring when the 
resonator is used as part of a triode generator. 

(From Electrical Engineering Abstracts, 1018, 1948.) 


A64 - Remarks on the General Theory of Electrical Cavity Resonators, 
by K. Simonye, Publications of the University of Technical Science, 
Budapest, (No. 2), 181-6, 1947. In German. 


The vector equation satisfied by the Hertzian vector is de- 
rived and expressed as three scalar equations in a general or- 
thogonal coordinate system. The equations are solved in some 
Special cases and the expressions for the magnetic and electric 
field components are given, 

(From Electrical Engineering Abstracts, 1537, 1948.) 


A65 - The Problem of Forced Oscillations in Cavity Resonators, by A. L. 
Drabkin, J. of Tech. Phys., USSR, 17 (No. 1), 103-10, 1947. 
In Russian. 
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Cavity resonators excited by coupling loops or probes 
and with or without loads are analyzed with regard to input 
impedances, forced emf amplitude and power loss at reso- 
nance. A practical example of a cylindrical cavity is calcu- 
lated. 

(From Electrical Engineering Abstracts, 1538, 1948.) 


A66 - Boltzmann's Law of Slow Transformations and the Theory of 
Electromagnetic Resonators, by T. Kahan, Compte Rendus 
Hebdomadaire des Seances de 1'Académie des Sciences, Paris, 
222, 70-1, January 2, 1946. In French. 


The law is used to calculate the change in energy of the 
field in the resonator when the resonator volume, and the 
permittivity and magnetic permeability of the medium within 
the resonator, undergo infinitesimal changes 6 V, Se , and 
8 p. For a constant volume ( 8V = 0) the change in resonant 
frequency, Sw , is given by 


-l 2 2 
w dw = ( See Free ree dv) 
2 
2/e E dv 
(From Electrical Engineering Abstracts, 2423, 1946.) 
(cf. No. 77) 


A67 - Characteristic Oscillations of Solid Conductors and Electromagnetic 
Resonators, by P. Nicolas, Annales de Radioélectricité, Paris, 
1, 189-90, January, 1946. In French. 
(From Electrical Engineering Abstracts, 182, 1947.) 
A68 - The Transverse Electric Modes in Coaxial Cavities, by R. A. 
Kirkman and M. Kline, Proc. Inst. Radio Engrs., N. Yow, 34, 
14-17 P, January, 1946. 


The transverse electric modes in resonant coaxial cavities 
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labeled TE 510° TE 2° TER OL 


(Abstracts 1446, 1946) suggested several implicit con- 
clusions. The notation and diagrams of the electric field 
configurations of these modes, as given there, have caused 
confusion. The transverse electric modes with zero middle 
subscript do not exist. They are limiting cases and are ap- 
proached by the fields of the coaxial modes TE TE 


111’ 112, 
TE, TE. etc., respectively, as the ratio of the radii 


of the inner and outer conductors approaches one. Several 
facts about the behavior of these modes for varying values of 
this ratio are presented. For a given mode, the resonant 
frequency of a coaxial cavity decreases as the ratio increases. 
In the case of a cavity of infinite length (i.e. , a waveguide) 
the corresponding wavelengths (the critical wavelengths of the 
guides) approach the circumference of the cavity divided by 
the first subscript of the mode. Physical and mathematical 
arguments confirm these conclusions and show to what extent 
the Barrow and Mieher diagrams of the modes TE TE 


by Barrow and Mieher 


101’ 102’ 
etc. , are representative of actual coaxial modes. The practi- 
cal importance of the transverse electric coaxial modes in 
u.h.f. work is emphasized. 

(From Electrical Engineering Abstracts, 1203, 1946.) 


A69 - Flat Cavities as Electrical Resonators, by G. C. A. Von Lindern, 
and G. DeVries, Philips Tech. Rev., 8, 149-60, May, 1946. 


Starting from the transmission line equations for the paral- 
lel Lecher wire system, equations are derived for the tapered 
line case where inductance and capacitance per unit length 
vary according to a power retationship. These equations are 
then applied directly to cavities formed by rotating a closed 
tapered transmission line about an axis, and expressions ob- 
tained for the wavelengths of the different modes of resonance 
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of hollow cavities of various shapes. Voltage and current 
distribution, Q-factor, and shunt impedance are also derived. 
The improvement in Q-factor obtained by increasing the 
thickness of a flat cylindrical resonator is illustrated by con- 
sidering a number of thin resonators stacked together. Ex- 
amples are given of the use of flat cavity resonators for stabi- 
lizing the frequency of a triode oscillator and for the input and 
output electrodes of short-wave values. 

(From Electrical Engineering Abstracts, 2913, 1946.) 


A70 - Resonant-Cavity Measurements,by R. L. Sproull, and E. G. Linder, 
Proc. Inst. Radio Engrs., N. Y., 34, 305-12, May, 1946. 


Microwave measurements require the use of a sweep frequen- 
cy generator modulated at 60 c/s and connected by line to a 
probe inserted into the cavity investigated. A second probe 
connects the cavity to a crystal detector, and its amplified out- 
put is fed to the Y plates of a c.r.o., the X plates being synchro- 
nized with the sweep frequency. The traced pattern indicates 
the frequency response of the cavity. The limitations and accu- 
racy are discussed. Resonant frequency comparisons are possi- 
ble by superimposing c.r.t.traces of cavity and generator, the 
frequency of the latter being adjustable by a calibrated plunger ; 
an improved method leads to a null reading when the sign of 
one resonance curve is reversed. Q is measured similarly, 
by reading half-power points v. frequency deviation. The shunt 
resistance of a cavity is defined as a voltage difference between 
two points, divided by twice the power dissipated in the cavity. 
The "resistance insertion" and the "capacity insertion" methods 
of measuring it are described. The resistor consists usually 
of a rod of lossy dielectric; it is placed between the two points, 
i.e., opposite points on the axis of a doughnut-shaped cavity, 
and its effect on Q is observed. The capacitor is inserted simi- 
larly, and its effect on the resonant frequency noted. 
(From Electrical Engineering Abstracts, 2326, 1946.) 


352 


WILLOW RUN RESEARCH CENTER ~ UNIVERSITY OF MICHIGAN 
UMM-119 


ARTICLES (Continued) 


A71 - High-Q Resonant Cavities for Microwave Testing, by I. G. Wilson, 
C. W. Schramm, and J. P. Kinzer, Bell Syst. Tech. J., 25, 
408-34, July, 1946. 


The theory of right circular cylindrical cavity resonators 
is considered with special reference to the tunable resonators 
used in radar testing in which the length of the cylinder is 
varied. A mode chart and mode-shape factor charts are given; 


the TEoin mode gives the smallest volume for an assigned Q 


value. The determination of the best cross-sectional area 
and other methods of reducing the effects of unwanted modes 


are dealt with. Coupling to the TEoin mode resonator must 


be by magnetic loop or by an orifice from a waveguide. Details 
of designs for the 3000 and 9000 mcs band are given. 
(From Electrical Engineering Abstracts, 1284, 1947.) 


A72 - On Electromagnetic Resonators, by J. Bernier, Onde Electrique, 
26, 305-17, August-September, 1946. In French. 


Perfect resonators are first considered. The wave equation 
is given explicitly in the case of resonators whose boundaries 
are surfaces of revolution and in the case of cylindrical and 
sphero-conical resonators; and the various possible types of 
electric and magnetic waves are classified. The method of 
matching, in the case of a compound resonator, is described. 
Next, non-perfect resonators are considered. A formula is 
derived for the change in frequency when the boundary of a 
resonator is slightly deformed, and the effects of a finite conduc- 
tivity in the walls of the resonator are analyzed. Formulae for 
the Q of a resonator are derived. Lastly, forced oscillations 
of a cavity are analyzed mathematically and formulae are ob- 
tained for the self-inductance, capacitance and shunt-resistance 
of a resonator. 
(From Electrical Engineering Abstracts, 780, 1947.) 
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A73 - Calculation of the Electromagnetic Field, Frequency and Circuit 
Parameters of High-Frequency Resonator Cavities, by H. Motz, 
J. Instn. Elect. Engrs., Part III, 93, 335-43, September, 1946. 


A method for the calculation of the field components of 
free electromagnetic oscillations in metal cavities of any 
shape with reference to klystron oscillators. The, present 


paper is concerned with the wave equationA® + ss @=0- 


c 
The differential equation is replaced by a systein of difference 
equations, which in the case of free vibrations are homogeneous 


and soluble only for certain values of the parameter = the, 
proper values. A method for finding the lowest value of =A 


without solving a determinantal equation is described. The 
boundary of klystron resonators contains sharp corners, often 
feather edges, and to obtain the necessary accuracy for the 
circuit parameters the analytic behavior of the fields near the 
sharp corners must be considered. The relaxation method of 
solution of the equations is applicable and much computation 
is thereby saved. Once the field components and the resonant 
frequency are found, the beam impedance and the damping 
constant are easily determined. 

(From Electrical Engineering Abstracts, 181, 1947.) 


A74 - New Graphical-Numerical Method for Integration of Resonant 
Cavities, by M. Abele, Ricerca Scientisico Ricostruzione, 16, 
1249-54, September, 1946. In Italian. 


Briefly describes a new method, partly graphical and partly 
numerical, of integrating Maxwell's equations for a stationary 
alternating regime, with special reference to the determination 
of resonance frequencies of cavities possessing axial symmetry. 
(From Electrical Engineering Abstracts, 179, 1948.) 
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A75 - Theory of a Microwave Spectroscope, by W. E. Lamb, Jr., 
Phys. Rev., 70, 308-17, September |! and 15, 1946. 


(From Electrical Engineering Abstracts, 510, 1947.) 


A76 - Universal Optimum-Response Curves for Arbitrarily Coupled 
Resonators, by P. I. Richards, Proc. Inst. Radio Engrs., N. Y., 
34, 624-9, September, 1946. 


The circuit analyzed consists of a set of resonators B._, B,. see 


1 


and a set of coupling elements A), A_, «+, where A. connects 


B,toB, .. 
i i+l 
pass-band is less than a given value and the off-band rejection 
is as high as possible. Matrix Algebra is used in the circuit 
analysis and optimum response curves are given for 1, 2, 3, 4, 
5, or 6 arbitrarily coupled resonators. The response depends 
only on the number of resonators, and not on the type of coupling 
or resonator. 
(From Electrical Engineering Abstracts, 149, 1947.) 


2 
Optimum response is obtained when the loss in the 


A77 - Perturbations and the Pressure of Radiation in Electromagnetic 
Cavities, by T. Kahan, Comptes Rendus Hebdomadaires des 
Seances de 1 'Académie des Sciences, Paris, 223, 785-6, November 
13, 1946. In French. 


A formula established previously (Abstracts, 2423, 1946), 
is used to calculate the relative change in resonant frequency 
of a resonator which either changes its shape slightly or is 
modified by the introduction of small pieces of metal. Under 
certain conditions the formula may be written in the form 


8 S 
— = Ww : PdV where P is the pressure of the radiation. 


5V 
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Two applications are made. One relates to the effect of an 
iris in a waveguide. 
(From Electrical Engineering Abstracts, 3796, 1949.) 
(cf No. A66) 


A78 - Apertures in Cavities, by J. H. O. Harries, Electronics, 19, 
132-5, December, 1946. 


Size and positioning of orifices in cavity resonators for 
coupling purposes, and experimental methods for obtaining Q 
and j (efficiency) are described. H-slots cut into the wall at 
the current (magnetic) antinode and round E aperture at the 
electric antinode are used, the first being preferable as then 
the antinode can be used for beam injection. Lowest excitation 
frequency (Hoi mode) is always assumed. The selectivity 


2 
factor is defined as Q = w W,,/P, where w = ae , with C = 
velocity of the electromagnetic wave, We = the maximum 
instantaneous value of stored energy, and PR = loss in the in- 


ternal surface of the resonator. With an external load, dissi- 
pating Pi» Q= wWEMPp + P,) and n = PMP, + P,)- The 


case of a dipole aerial with its current point placed near the 
aperture is treated. 
(From Electrical Engineering Abstracts, 1584, 1947.) 


A79 - Resonant Frequencies of the Nosed-In Cavity, by E. Mayer, J. . 
Appl. Phys., 17, 1046-55, December, 1946. 


The resonant frequency is studied as a function of the cavity 
dimensions. Maxwell's differential equations and boundary 
conditions are converted into an integral equation which is solved 
approximately by the Ritz variational method. The size and 
shape of the cavity are fixed by specification of the dimensions 
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ry, and ry, the inner and outer radii; «', the post length, 


ande" , the gap space. If the cavity is to resonate to the 
wavelength \, only three of its dimensions can be given 
independently; the fourth is a function of the given three 
2 Bs 
and the wave number k = — For fixed a the dependence 
2 

of ke' on k «€" is calculated with a precision of 1 per cent. 

(From Electrical Engineering Abstracts, 1285, 1947.) 


A80 - A Q-factor Comparator for Echo Boxes in the 10-cem. Band, 
by L. W. Shaw and C. M. Burrell, J. Instn. Elec. Engrs., Pt. 
INA, 93(No. 9), 1443-6, 1946. 


The instrument described compares the Q of echo boxes, 
or any similar high-Q cavities with two independent couplings, 
at any wavelength between 9.5 and ll cm. With special pre- 
cautions the accuracy is + 2 per cent. 


A81 - Calculation of a Specific Cylindrical Endovibrator, by V. L. 
Patrushev, J. Tech. Phys., USSR, 16 (No. 1), 35-8, 1946. 
In Russian. 


A cylindrical cavity resonator is considered as a concentric 
line, and the equations for the electric and magnetic fields are 
solved. A practical example is given, the dimensions of the 
cavity are calculated and the field distribution curves presented. 

(From Electrical Engineering Abstracts, 514, 1947.) 


A82 - Coupling of Cavity Resonators Through Small Orifices, by V. B. 
Brodski, Bulletin de 1'Académie des Sciences, USSR, Moscow, 
Ser. Phys., 10 (No. 1), 17-22, 1946. In Russian. 


It is assumed that the coupling orifice is very small com- 
pared with wavelength, and that the field distribution of standing 


357 


WILLOW RUN RESEARCH CENTER ~ UNIVERSITY OF MICHIGAN 


UMM-119 


ARTICLES (Continued) 


waves is affected only in its immediate neighborhood. Maxwell's 
equations are applied and the results shown to correspond 

to Kirchoff's equations for coupled tuned circuits. The physical 
interpretation suggests that maximum coupling is achieved 

when the magnetic field vectors on the surfaces around the ori- 
fice are parallel. 

(From Electrical Engineering Abstracts, 2912, 1946.) 


A83 ~ Self-Excitation of an 'Endovibrator" Penetrated by an Electron 
Current, by S. Gvozdover and V. M. Lopukhin, Bulletin de 
1 'Académie des Sciences, USSR, Moscow, Ser. Phys., 10 
(No. 1), 29-36, 1946. In Russian. a 


The "endovibrator" is any device converting the kinetic 
energy of entering electrons into h.f. energy of electro- 
magnetic waves. Stationary conditions only are considered, 
and possible regions of self-oscillations and their amplitude 
and frequency are calculated. Two cases are treated in de- 
tail: the straightforward capacitor and a "monitron" (single 
cavity Klystron). (See Abstract 2701, 1946.) 

(From Electrical Engineering Abstracts, 779, 1947.) 


A84 - Simplified Design of Endovibrators, by V. M. Lopukhin, Bulletin 
de 1 'Académie des Sciences, USSR, Moscow, Ser. Phys., 10 
(No. 1), 111-16, 1946. In Russian. 


A general mathematical treatment of some basic cavity 
resonators is given, and several characteristic values calcu- 
lated, such as the shunt-impedance indicating the thermal 
losses, Q, the lowest natural resonant frequency and self- 
inductance. The toroid, quasi-toroid, cylindrical (fully closed) 
and cylindrical (one side open) endovibrators are treated; the 
possible errors are estimated to be under 30 per cent. 
(From Electrical Engineering Abstracts, 2701, 1946.) 
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A85 - The Resonator Action Theorem, by W. R. MacLean, Quart. 
Appl. Math., 2, 329-35, January, 1945. 


The theorem states that in a lossless electromagnetic 
resonator, the action of each mode, i.e. the product of 
total energy and period, is invariant against an adiabatic 
deformation. A proof of the theorem is given and a possi- 
ble application in the design of equipment is indicated. 

(From Electrical Engineering Abstracts, 2660, 1945.) 


A86 - The Electromagnetic Field in a Resonant Cavity, by M. Abele, 
Alta Frequenza, 14, 96-116, March-June, 1945. In Italian. 


Considers a perfectly conducting resonant cavity having 
axial symmetry. The electromagnetic field is limited to one 
having no meridianal nodal points of either the electric or 
magnetic field. There are neutral points in the electric field, 
and the behavior of the lines of force in the neighborhood of 
such points enables the lines of force to be quickly traced. 

The fundamental resonance frequency is derived for two cases: 
(1) a toroidal cavity, (2) a nearly cylindrical cavity. 
(From Electrical Engineering Abstracts, 2074, 1947.) 


A87 - A Method for Computing the Resonant Wavelength of a Type of 
Cavity Resonator, by L. S. Goddard, Proc. Cambridge Philo- 
sophical Society, 41, 160-175, June, 1945. 


The Hahn method (Abstract 630A, 1941) is replaced by 
a mathematical procedure in which certain slowly convergent 
series are summed by replacing Bessel function, appearing 
in the terms of the series, by their asymptotic expansions. 
Tables of the resonant wavelength are given for various values 
of the resonator parameters and an asymptotic formula is de- 
veloped for the wavelength when the gap-width of the reso- 
nator is small. 
(From Electrical Engineering Abstracts, 2658, 1945.) 
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A88 - Electromagnetic Field Inside a Cylinder with a Gap, by C. C. Wang, 
J. Appl. Phys., 16, 351-66, June, 1945. 


(From Electrical Engineering Abstracts, 2661, 1945.) 


A89 - The Reactance Theorem for a Resonator, by W. R. MacLean, 
Proc. Inst. Radio Engrs., N. Y., 33, 539-41, August, 1945. 


The Foster reactance theorem which states that in any 
dx. ve é 

loss-free network, ao is positive, is proved for any loss-free 
resonator. To establish the existence of an input impedance, 
the resonator is fed with a coaxial (or other Suitable) trans - 
mission line. The proof is based upon an extension of Helm- 
holtz's theorem of adiabatic invariants. The variation of 
frequency is attained by a slow (adiabatic) movement of a 
short-circuiting plug in the transmission line while the cavity 
is oscillating. 

(From Electrical Engineering Abstracts, 2179, 1945.) 


A90 - The Perturbation Method Applied to the Study of Electromagnetic 
Cavity Resonators, by T. Kahan, Compte Rendu Hebdomadaire 
des Séances de 1 ‘Académie des Sciences, Paris, 221, 536-8, 
November 5, 1945, In French. 


(From Electrical Engineering Abstracts, 1202, 1946.) | 
A91 - Calculation of the Perturbed Resonant Frequency of an Electro- 
magnetic Cavity (Deformation of the Boundary), by T. Kahan, 
Compte Rendus Hebdomadaire des Séances de 1 ‘Académie des 


Sciences, Paris, 221, 694-6, December 3, 1945. In French. 


(From Electrical Engineering Abstracts, 1423, 1946.) 
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A92 - Mathematical Theory of Hollow Cylindrical Resonators Excited 
by a Hertzian Dipole, by F. DeSimoni, Commentations Pontifi- 
cia Academia Scientiarum, Vatican City, 9 (No. 12), 491-513, 
1945. In Italian. 


(From Electrical Engineering Abstracts, 3795, 1949.) 


A93 - On the Forced Electromagnetic Oscillations in Spherical Resonators, 
by O. E. H. Rydbeck, Arkiv for Matematik Astronomi och Fysik, 
(Stockholm), 32A (No. 3), Paper 11, 18 pp., 1945. 


The oscillations in spherical resonators are studied as 
functions of the exciting source and the results show the de- 
gree of excitation of the various modes and orders. TE-waves 
and TM-waves are treated separately, and the impedances of 
the coupling loops are calculated. This involves a separation 
of the "primary'' and "'secondary" fields. The equivalent net- 
work for a resonator with two current loops is given. 

(From Electrical Engineering Abstracts, 1916, 1946.) 


A94 - On The Spherical and Spheroidal Wave Functions, by O. E. H. 
Rydbeck, Transactions of the Chalmers University of Technology, 
Gothenburg, (No. 43), 32 pp., 1945. 


(From Electrical Engineering Abstracts, 509, 1947.) 


A95 - New Methods for Calculating the Properties of Electromagnetic 
Resonators, by P. Grivet, Compte Rendu Hebdomadaire des 
Séances de 1 'Académie des Sciences, Paris, 218, 71-3, January 
10, 1944. In French. 


It is often possible to construct a function which represents 


approximately the electric field, E, or the magnetic field, H, 
inside a resonator. Then the resonant wavelength may be 
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found by means of the formula 


2 
ue = i (curl Ey ar/ [ gE dt = ra (curl HY at/ [ H dt 
x Vv Vv Vv Vv 
Differentiation of this formula leads to one giving the variation 
of the wavelength for small deformations in the shape of the 
cavity. 

(From Electrical Engineering Abstracts, 1657, 1946.) 


A96 - A Matching Method for the Calculation of Electromagnetic Cavity 
Resonators, by J. Bernier, Compte Rendu Hebdomadaire des 
Seances de 1 'Académie des Sciences, Paris, 218, 186-8, 
January 31, 1944. In French. a 


The method is useful for calculating the field within a 
resonator which is of such a shape that a boundary Y may be 
drawn which divides the interior of the resonator into two 


Spaces, s and 55: within each of which Maxwell's equations 
may be solved analytically to satisfy all the boundary con- 
ditions except those relating to 2. Thena series of wave 


functions is taken in each of the spaces Ss, and 5, and matched 


along the boundary 2 . An example is given relating to a type 
of nosed-in resonator. The lines of force and their orthogonal 
trajectories are drawn and the lines of equal amplitude of the 
electric and magnetic field are also given. For another ex- 
ample of the method see Abstracts, 630, 1941, and 2568, 1945. 
(From Electrical Engineering Abstracts, 882, 1946.) 


A97 - On The Resonant Wavelengths of Certain Electromagnetic Resona- 
tors, by P. Grivel, Compte Rendu Hebdomadaire des Séances 
de 1 'Académie des Sciences, Paris, 218, 183-5, January 31, 
1944, In French. ~ 


Using the methods of a previous paper (Abstracts, 1657, 
1946), approximate formulae are deduced for the resonant 
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wavelengths of (1) a cylinder, (2) a torus of rectangular 
section, (3) a rhumbatron, (4) a sphere. The rhumbatron 
consists of the space between an external cylinder of radius 
b and height 2and an internal cylinder of radius a and height 
4£-d. The resonant wavelength is \ where 


2 
(zy) =] one (b - a) /{xea (b rah, 


k being an adjustable constant. Taking k = 0.5 this represents 
the experimental results to within 5 to 12 per cent in the 
region b< 6a,@ >3d. 

(From Electrical Engineering Abstracts, 1658, 1946.) 


A98 - Representation of Impedance Functions in Terms of Resonant 
Frequencies, by S. A. Schelkunoff, Proc. Inst. Radio Engrs. , 
N. Y., 32, 83-90, February, 1944. 


Impedance and admittance functions of systems with an 
infinite number of natural frequencies are found as infinite 
series. Modifications of these are suitable for numerical 
computation. The approach is function-theoretic, assuming 
that the driving-point impedance and the transfer impedance 
are analytic functions of the oscillation constant. Several 
examples are given and there are calculations of the input 
impedance across the terminals of a loop ina cavity resonator, 
and the transfer impedance across a cavity transducer (2 loops 
inside a resonator). The results hold approximately for 
slightly dissipative systems. The paper ends with a discussion 
of cavity resonators considered as sections of waveguides. 

(From Electrical Engineering Abstracts, 1540, 1944.) 


A99 - Network Analyzer Studies of Electromagnetic Cavity Resonators, 
by J. R. Whinnery, C. Concordia, W. Ridgway, and G. Kron, 
Proc. Inst. Radio Engrs., N. Y. 32, 360-367, June, 1944. 


Studies are described in which equivalent circuits for the 
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Maxwell field equations are set up on an a.c. network analyzer. 
These correspond to several simple electromagnetic cavities 
for which results are known. Comparisons made between 

the known theoretical results and field distributions measured 
from the equivalent circuits are used for verification of the 
equivalent circuits, for evaluation of usefulness of present 
network analyzers in h.f. field problems, and for suggestions 
of desirable features for analyzers constructed especially 

for the study of field problems. 

(From Electrical Engineering Abstracts, 1903, 1944.) 


A100 - Transmission Line Theory Applied to Waveguide and Cavity 
Resonators - I, by D. Middleton, and R. King, J. Appl. Phys. , 
15, 524-35, July, 1944. 


Hollow metal waveguides of arbitrary cross-section are 
analyzed in terms of scalar and vector potential and stream 
functions. Completely hyperbolic solutions analogous to 
those given in the usual theory are obtained for the E and H 
modes; these yield general relations for the stream and po- 
tential distributions. Terminal, input, and characteristic 
impedances are defined for the waveguide or cavity resonator. 
The propagation constant is discussed, and it is demonstrated 
that the attenuation (constant) due to imperfect metal walls 
of the pipe and the dielectrics in the guide are additive if the 
materials have low loss. The characteristic impedances for 
the two types of mode are considered; and general formulae 
for the practical conditions of operation are included. The 
analogy between this theory and that of the conventional line 
is discussed. 

(From Electrical Engineering Abstracts, 1984, 1944.) 


A101 - Transmission Line Theory Applied to Waveguide and Cavity 


Resonators, II, by D. J. Middleton, J. Applied Physics, 15, 
535-44, July, 1944. 
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Practical applications are considered. Formulae for 
power transfer, efficiency of transmission, standing wave 
ratios, and insulating discs are given, and the experimental 
determination of the line and terminal parameters is treated 
briefly. Examples: (1) a rectangular waveguide terminated 
by a section of pipe containing a horizontal slit at one end and 

a flat horn of 45 aperture at the other, (2) the same guide 
terminated by a section of tube with horizontal slit at one end 
and opening into space at the other, (3) the rectangular guide 
with a variable horizontal and vertical slit, in either case 
followed by a closed quarter-wave section of pipe, (4) a closed 
cylindrical section of tube containing several transverse slabs 
of imperfect dielectric material. 

(From Electrical Engineering Abstracts, 1985, 1944.) 


Al02 - Cylindrical Cavity Resonators, by C. F. Davidson and J. C. 
Simmonds, Wireless Engr., 21, 420-24, September 1944. 


Starting from the attenuation constant of an infinite guide 
and the impedance of a conducting end, the resonance conditions 
for a closed guide are simply derived. The variation of total 
impedance with frequency is calculated, and thereby the Q of 
the resonator is derived. The method, which is applicable to 
cavities of any cross-section, shows clearly the physical analo- 
gy with transmission-line phenomena. 

(From Electrical Engineering Abstracts, 173, 1945.) 


A103 - Theory of Diffraction by Small Holes, by H. A. Bethe, Phys. 
Rev., 66, 163-82, October 1 and 15, 1944. 


A complete solution for a circular hole in a perfectly con- 
ducting plane screen is found, satisfying Maxwell's equations 
and the boundary conditions everywhere. The method is based 
on the use of fictitious magnetic charges and currents in the 
diffracting hole. The charges and currents are adjusted so as 
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to give the correct tangential magnetic, and normal electric 
field in the hole. The result is different from that of Kirch- 
hoff's method, giving diffracted electric and magnetic field 
(radius of the hole) 

wavelength : 
The diffracted field can be considered as caused by a mag- 
netic moment in the plane of the hole, and an electric moment 
perpendicular to it. The theory is applied to the problem 
of mutual excitation of cavities coupled by small holes. This 
leads to equations similar to those for ordinary coupled cir- 
cuits. The problem of stepping up the excitation from one. 
cavity to another is treated. 

(From Electrical Engineering Abstracts, 524, 1945.) 


values which are smaller in the ratio 


A104 - Comments on Bethe's Theory of Diffraction of Electromagnetic 
Waves by Small Holes, by C. L. Pekeris, Phys. Rev., 66, 
351, December 1 and 15, 1944. 


See Abstract 524, 1945, 
(From Electrical Engineering Abstracts, 1290, 1945.) 


A105 - Resonant Frequencies of E-Type Waves ina Capacitance -Loaded 
Cylindrical Resonator, by F. Liidi, Helvetica Physica Acta, 17 
(No. 6), 429-36, 1944. In German. 


The differential equation satisfied by the field of a type of 
resonator used in the klystron is solved approximately and 
the frequency equation is obtained. A graph is given of the 
solution of the latter for certain ranges of values of the circuit 
parameters. The energy losses in the resonator are also 
calculated and an expression (somewhat involved) is obtained 
for the shunt impedance. A numerical case for a 10 cm 
resonator is studied. 
(From Electrical Engineering Abstracts, 879, 1946.) 
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A106 - Resonance Phenomena with Electromagnetically Excited Cavities, 
by F. Borgnis, Zeitschrift fir Physik, 122, (Nos. 5-8), 407-12, 
1944, In German. . 


Investigates the performance of cavity resonators for u.h.f. 
waves in the neighborhood of their natural frequency. The reso- 
nance curve for cavity resonators with perfectly conducting 
walls and dielectric of small conductance is mathematically 
derived and found similar to that of RC networks with lumped 
constants and losses. The amplitude of the field oscillations 
inside the cavity resonator are proportional to see ime of 

conductance 
the dielectric. 


(From Electrical Engineering Abstracts, 1536, 1948.) 


Al07 - Elementary Theory of Spherical Resonators Excited by a Hertzian 
Dipole, by F. De Simoni, Alta Frequenza, 12, 163-82, April, 
1943. In Italian. 


Maxwell's equations are written down and solved by means 
of the Hertzian vector potential, expressed in spherical polar 
coordinates. Expressions are found for the field components 
and a calculation is made of the fundamental resonant frequency 
(w) and the attenuation coefficient (b). The former varies as 


x, where x is a root of tan x = x(1 - ay and this equation is 
solved graphically. A graph of b is given for wavelengths 
from 20 to 100 cm. 

(From Electrical Engineering Abstracts, 1204, 1946.) 


A108 - Ultra-High Frequency Oscillations of Cylindrical Cavity Reso- 
nators Containing Two and Three Dielectric Media, by D. Middle- 
ton, Phys. Rev., 63, 343-51, May 1 and 15, 1943. 


(From Electrical Engineering Abstracts, 1921, 1943.) 
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A109 - A Principle of Equivalence Between a Cavity Resonator and a 
Circuit Having Lumped Constants, by J. Bernier, Compte 
Rendu Hebdomadaire des Séances de 1 'Académie des Sciences, 
Paris, 217, 424-6, November 3, 1943. In French. 


A cavity resonator is equivalent to a chain of lumped cir- 
cuits in series, each circuit consisting of a resistance, R, 
inductance, L, and capacitance, C, in parallel. Expressions 
for R, L, and C are given. These involve volume and surface 
integrals of the electromagnetic field vectors. If the resonator 
is coupled by means of a loop to some external circuit, the 
equivalent circuit has a mutual inductance component. An ex- 
pression for this is also given. 

(From Electrical Engineering Abstracts, 624, 1946.) 


A110 - The Electric Fundamental Wave of the Circular Cylindrical 
Double-Layer Cavity, by F. Borgnis, Hochgrequenztechn. 
und Elektroakust, 59: 22-26, January 1942. 


(From Electrical Engineering Abstracts, 2129, 1943.) 


Alll - Excitation of Cavity Resonators by Relaxation Oscillations, by 
W. Ludenia, Elektrische Nachrichten-Technik., Berlin, 19, 
7-15, January-February, 1942, 


The influence of time of discharge and of pressure on the 
internal resistance and efficiency of gas-discharge relaxation 
oscillators is investigated. With high gas pressure and "in 
vacuo'', higher outputs are obtainable than with atmospheric 
pressure. Using cavity conductors as resonators and as high- 
pass filters, the fundamental wave excited in the 2-pole may 
be effectively undamped. This is proved experimentally with 
an 8 cm transmitter. 

(From Electrical Engineering Abstracts, 1925, 1943.) 


368 


WILLOW RUN RESEARCH CENTER ~ UNIVERSITY OF MICHIGAN 


UMM -119 


ARTICLES (Continued) 


All2 - The Mean Frequency Stability of Resonators, by K. F. Niessen, 
Physica, 's Gravenhage, 9, 145-573, February, 194Z. In 
German. 


A continuation of previous work (Abstract, 511, 1947). 
It is observed that if the dimensions of a cube and a sphere 
be varied in a certain manner the stability of the cube is 
greater than that of the sphere, i.e. there is less frequency 
change; but for another type of variation the sphere is more 
stable. A change in the dimensions is found such that the fre- 
quency stability for the sphere and the cube are very little 
different. 

(From Electrical Engineering Abstracts, 512, 1947.) 


All3 - Electromagnetic Oscillations in Cavity Resonators. General 
Theory, by M. Jouguet, Revue Générale d 'Electricité, 51, 
318-23, June, 1942. 


A resonator which is a figure of revolution is considered. 
It defines a curvilinear coordinate system, and Maxwell's 
equations referred to this system are shown to reduce essentially 
to a single scalar equation. A study of the latter leads to the 
electric and magnetic types of oscillations. The possible 
oscillations within a spherical resonator are studied in detail. 
Diagrams are given of various modes of vibration and the 
resonant frequencies are calculated. 

(From Electrical Engineering Abstracts, 411, 1946.) 


All4 - On The Frequency Stability of Some Resonators for Electrical 
Oscillations, by K. F. Niessen, Physica, 's Gravenhage, 9, 
539-46, June 1942. In German. 


The stability is defined and expressions for it are found in 
the case of the cube and the sphere for simultaneous variations 
of the dimensions parallel and perpendicular to the direction of 
the electric field. 

(From Electrical Engineering Abstracts, 513, 1947.) 
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A115 - Practical Suggestions for Maintaining Constant the Frequency 
of Spherical Hollow Cavity Resonators, by K. F. Niessen, 
Physica, 's Gravenhage, 9, 768-72, July, 1942. In German. 


In order to suppress frequency changes due to expansion 
of the resonator as a result of Joule heat dissipation in the 
walls it was recommended: (1) mounting of the sphere be- 
tween two diametrically opposite supports, the distance be- 
tween which should not vary with temperature and the electric 
poles arranged in a radial direction; (2) fixing the sphere in 
a ring of diameter independent of temperature, with the dipoles 
arranged in a radial direction and diametrically in the plane 
of the ring. 

(From Electrical Engineering Abstracts, 1917, 1946.) 


A116 - Electromagnetic Oscillations in Ellipsoidal Cavities, by M. 
Jouguet, Revue Générale d 'Electricité, 51, 484-7, November, 
1942. In French. 


An extension of the results of a previous paper (Abstract 
410, 1946) on spherical cavities. Maxwell's equations govern- 
ing the oscillations are solved and curves are drawn showing 
the variation of the resonant wavelength with the eccentricity 
for the simplest types of vibrations. 

(From Electrical Engineering Abstracts, 883, 1946.) 


All7 - The Magnetic Fundamental Oscillation of the Cylindrical Cavity 
with Circular Cross-Section, by F. Borgnis, Hochfrequenztechn. 
und Elektroakust., 60, 151-55, December, 1942. 
(From Electrical Engineering Abstracts, 2130, 1943.) 
A118 - The Laws of Similitude of the Electromagnetic Field and Their 
Application to Cavity Resonators, by H. Konig, Wireless Engi- 
neers, 19, 216-17, (No. 1304), 1942. 


The laws of similitude have strict validity only if a reduction 
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ae? . 1. : , 
in dimensions by the factor a is accompanied by an increase 


in the conductivity of the walls by the factor m. 
(From Kinzer, B.S.T.J., 1947, also appeared in 
Hochfrequenztech., December, 1941.) 


A119 - On the Eigenschwingung of the Electromagnetic Hohlraum (A 
Note on Resonators and Wave Guides), by M. Watanabe, 
Electrotechn. J., 5, 7-10, January, 1941, 


It is shown that Bromwich's method can be applied to 
elliptic cylinders, hexahedrons, coaxial cylinders, coaxial 
rectangular tubes and concentric spheres, in investigating 
their properties as resonators and waveguides. Formulae 
are derived for the natural oscillations of such resonators. 

(From Electrical Engineering Abstracts, 1623, 1941.) 


A120 - Elementary Theory of the Spherical-Cavity Resonator, by T. G. 
O. Berg, Hochfrequenztechn. u. Electroakust, 57, 56-60, 
February, 1941. 


(From Electrical Engineering Abstracts, 196, 1944.) 


Al21 ~- Forced Oscillations in Cavity Resonators, by E. U. Condon, 
J. Appl. Phys. 12, 129-32, February, 1941. 


Formulae are developed for calculation of the impedance 
of a cavity resonator when excited by a coupling loop or by a 
Capacitive coupling. 

(From Electrical Engineering Abstracts, 607, 1941.) 


Al22 - Electromagnetic Similarity Laws and Their Application to Cavity 
Resonators, by H. Kénig, Hochfrequenztech. u. Elektroakust., 


58, 174-80, December, 1941. In German. 


The laws are derived from Maxwell's equations and are 
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applied to geometrically similar cavity resonators. Ifa 
second resonator is a l1:m scaled-down replica of a first one, 
the conductivity of the smaller resonator becomes m times 
higher, self-resonance frequency w' becomes mw and Q and 
field distribution remain the same. If, however, the conduc-~ 
tivity is the same, which is the normal case, then Q drops by 
Jm and the field distribution changes slightly inside the cavity 
and considerably in the metal. 

(From Electrical Engineering Abstracts, 1659, 1946.) 


Al23 - On the Frequency Stability of Some Resonators, by K. F. Niessen, 
Physica, 's Gravenhage, 8, 1077-93, December, 1941. In 
German. 


The variations in the resonant frequencies of a hollow metal 
cube and sphere are investigated in two cases: (1) when the 
dimensions are kept constant in one direction and varied slight- 
ly in the other two; (2) when there is a lengthening in one 
direction and a shortening in the other two directions, subject 
to the total surface area remaining constant. It is found that 
in case (1) the sphere is about eight times as stable as the cube, 
and in case (2) that the cube is about 3.6 times as stable as 
the sphere. 

(From Electrical Engineering Abstracts, 511, 1947.) 


Al24 - A New Method for the Calculation of Cavity Resonators, by W. L. 
Hahn, J. Appl. Phys. 12, 62-68, 1941. 


Series approximation for certain circularly symmetric 
resonators. 


(From Kinzer, B.S.T.J., 1947.) 


Al25 - Damped Electromagnetic Waves in Hollow Metal Pipes, by A. W. 
Melloh, I.R.E. Proc., 28, 179-83, April, 1940. 
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Simple apparatus for the production of damped waves in 
hollow-pipe waveguides is described. The results of some 
measurements at free-space wavelengths down to 4.59 cm 
in circular air-filled pipes as small as 2.86 cm in diameter 
show that such apparatus can be successfully employed for 
the investigation of the properties of hollow-pipe waves. 
Some data are given which confirm part of a previous theoreti- 
cal analysis of the behavior of electromagnetic waves in a pipe 
of elliptical cross-section, and a possible method of detecting 
small deformations in a supposedly circular pipe is discussed. 
(From Electrical Engineering Abstracts, 1447, 1940.) 


Al26 - Natural Oscillations of Electrical Cavity Resonators, by W. L. 
Barrow and W. W. Mieher, I.R.E. Proc., 28, 184-91, April, 
1940, 


Resonance phenomena in cavity resonators of coaxial and 
hollow-pipe types are described and the transition from a 
resonator of one type to the other is discussed. Measured 
curves of resonance frequencies for the first 12 modes are 
reported. The principle of similitude is proved and other 
aspects of these resonant circuit elements are considered. 

(From Electrical Engineering Abstracts, 1446, 1940.) 


Al27 - Dielectric Resonators, by R. D. Richtmyer, J. of Applied Phy- 
sics, 10, 391-7, June 1939. 


Suitable shaped objects made of dielectric material can 
function as electrical resonators for h.f. oscillations. The 
theory of such resonators is developed very briefly and their 
resonant frequencies and losses computed in some very simple 
cases. The paper concludes with an observation on the be- 
havior of dielectric waveguides. 

(From Electrical Engineering Abstracts, 1730, 1939.) 
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A128 - Fundamental Electric Oscillations of a Cylindrical Cavity, by 
F. Borgnis, Hochfrequenztechn. und Elektroakustik, 54, 
121-8, October, 1939. In German. 


A mathematical investigation of the lowest frequency of 
resonance of a regular cylinder of dielectric bounded by a 
perfectly conducting sheath. Three cases are considered, 

(a) circular, (b) rectangular, (c) elliptical cross-section. 
Formulae for the fundamental frequencies in terms of linear 
dimensions, and for the equivalent resistance, capacitance 
and inductance of the enclosure are worked out, and all results 
are illustrated with curves. 

(From Electrical Engineering Abstracts, 343, 1940.) 


A129 - Investigation on Electromagnetic Cavities, by J. Miller, Hoch- 
frequenztechn. und Elektroakustik, 54, 157-61, November, 1939. 
In German. 


By electromagnetic cavities are meant spaces limited by 
good conducting metal walls. In consequence of their low 
loss such cavities are of practical importance for frequency 
stabilization with short waves, as oscillatory circuits and for 
various other purposes. Zobel's law for cavities of this type 
is extended and a relation is obtained between the loss factor 
and the half-value width of the resonance curve. Variation 
of the natural frequency of cavities by changes in the constants 
of the medium is discussed and a method is given for determin- 
ing the distribution of the electric and magnetic field in any 
given cavity. 

(From Electrical Engineering Abstracts, 857, 1940.) 


A130 - Ultra-Short Waves in Coaxial Cables and Cavity Resonators of 
the Pot Type, by H. Buchholz, Hochfrequenztechn. und Elektroa- 
kustik, 54, 161-73, November 1939. In German. 


Theory is given of the radiation of electromagnetic waves 
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by axially symmetrical transmitters within the cavity of a 
coaxial conductor. The different types of transmitters 
may be arranged in two groups. The first group generates 
magnetic transverse waves while the second group generates 
electric transverse waves. The fundamental form of the 
second group is the circular ring of electric dipoles. In 
the radiation field of such transmitters no principal wave 
occurs. The current losses which these waves undergo 
owing to the finite conductivity of the inner and outer con- 
ductors have, for each of the harmonies, the property that 
they decrease towards zero with increasing frequency accord- 
ing to a power law of 3/2. An investigation is made of the 
field in a cavity resonator of the pot type. For both principal 
types of transmitter analytical expressions for the wave field 
are given and also formulae for the various resonance fre- 
quencies. 

(From Electrical Engineering Abstracts, 858, 1940.) 


Al31 - Frequency Distribution of Eigentones in a Rectangular Chamber 
at Low-Frequency Range, by Dah-Yow-Maa, J.A.S.A., 10, 
235-38, 1939. 


Another method of deriving an approximation formula. 
(From Kinzer, B.S.T.J., 1947.) 


Al32 - Frequency Distribution of Eigentones in a Three-Dimensional 
Medium, by R. H. Bolt, J.A.S.A., 10, 228-34, 1939. 


Derivation of better approximation formulas than the 
asymptotic one; comparison with calculated values. 


(From Kinzer, B.S.T.J., 1947.) 


A133 - A Type of Electrical Resonator, by W. W. Hansen, J. Appl. 
Phys., 9, 654-63, October, 1938. 


The theory of the use of certain shapes of "hohlraums" as 
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electrical resonators is developed. In many respects they are 
equivalent to lumped constant circuits with properly chosen 
circuit constants. Suitable values for these circuit constants 
are found. The theory of coupling on to these hohlraum type 
of resonators is developed approximately. 

(From Electrical Engineering Abstracts, 3334, 1938.) 


A134 - A Loop-Excited Resonator Formed by Two Confocal Parabolic 
Caps, by H. Buchholz, Arch. Elekt. Ubertragung, 6, 6-16, 
January, 1952; 67-72, February, 1952. In German. 


Treats a resonator formed by two confocal paraboloids of 
revolution, joined at a plane of cross-section. It is excited by 
a loop located on the axis of revolution. The solution is de- 
veloped from the eigen-functions for the parabolic horn. The 
eigen-frequencies for the symmetrical case are given. Part II 
details the generalized field coordinates and gives expressions 
for time-averaged energy. The magnetic field is drawn for the 
fundamental and first harmonic modes, and values of Q are 
deduced. 

(From Electrical Engineering Abstracts, 2550, 1952.) 


A135 - Mode Conversion Losses ina TE5) Type Cavity Resonator with 


_ Tilted End-Plate, by K. Shimoda, J. Phys. Soc. Japan, 6, 
378-83, September-October, 1951. 


A cylindrical cavity resonator of TEo13 mode was con- 


structed and its Q-value was measured at the frequency of 

3075 mcs. The Q-value was reduced, when the end-plate was 
slightly tilted. The optimum Q-value (Q, = 7.53 x 104) agrees 
well with that calculated from the d.c. conductivity of the wall 
material (copper). It may be considered that some other modes 


(TE), TE, 5° and TM,, modes) of waves are generated from 
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the primary TE,, mode and they are lost as heat and radiation, 


01 


when the end plate is tilted. The resonance of the TE) mode 


is thereby damped by mode conversion which is calculated as- 
suming the deformation of the cavity wall to be small. The 
calculated result agrees well with the observed Q-value of 
the cavity with tilted end-plate. 

(From Electrical Engineering Abstracts, 2269, 1952.) 


Al36 - Cavity Resonator Regarded as a Transmission Line, Wireless 
Engr., 29, 29-30, February, 1952. 


The simple pill-box cavity resonator is considered as a 
disc transmission line short-circuited by the cylindrical wall. 
The voltage distribution is given by a Bessel function. It is 
shown that the '3rd harmonic" is 2,3 x the fundamental fre- 
quency. 

(From Electrical Engineering Abstracts, 2270, 1952.) 


A137 - Two Similar Cylindrical Cavities Which are Arranged in Contact 
End to End and Are Coupled Through a Window Opened on Their 
Common wall, by S. Sonoda and T. Makimoto, Mem. Sci. Industr. 
Res. Osaka University, 7, 34-41, 1950. 


The resonant frequencies are found by considering the .- 
system as a uniform resonant line loaded reactively at its mid- 
point. The general conclusions of the theory and experiment 
described are similar to those of the case treated in Abstract 
759. Experimental curves are given relating slot and cavity 
dimensions in the 20 cm region. 

(From Electrical Engineering Abstracts, 760, 1953.) 


Al38 - On the Resonance of a System of Two Cavities Coupled to Each 
Other Through a Two-Wire Line, by S. Sonada and T. Makimoto, 
Mem. Inst. Sci. Industr. Res. Osaka University, 7, 26-33, 1950. 


Formulae relating the parameters of a cavity with n loosely 
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coupled two-wire line outputs are quoted. The solution of 
the problem of two coupled cavities follows directly from 
these formulae. The case where the cavities have the same 
natural frequency is treated in detail, and it is found that as 
the tightness of coupling increases, the resonance curve de- 
velops two peaks equally spaced on either side of the resonance 
frequency of either uncoupled cavity. The method used for 

the experimental verification of the formula (A ~ 20 cm) is 
described. It is suggested that the "over-coupled" case may 
be applicable in the design of broad-band tank circuits or 
band-pass filters. 

(From Electrical Engineering Abstracts, 759, 1953.) 


A139 - Band-pass Cavities for Centimeter Waves, by H. Doring and 
W. Klein, Arch. Elekt. Ubertragung, 6, 47-57, February, 
1952. In German. 


Discusses filters formed by cylindrical boxes coupled by 
holes in a common wall. The fundamental TM-mode is used. 
The application of filter theory is considered, and the reaction 
of the coaxial input and output coupling devices discussed. Ex- 
perimental results, in good agreement with the theory, are 
included. 

(From Electrical Engineering Abstracts, 2524, 1952.) 


A140 - The Tuned Echo Box as a Radar Test Set, by R. G. Loughlin, 
Sperry Engineering Review, Vol. 3, No. 6, November- December, 
1950, 


A brief explanation of the operation of tunable echo boxes 
is given and the features which make them unique to radar test- 
ing are described. Special emphasis is given to the character- 
istics which govern the design of the cavity resonator and their 
effects in limiting the operation and decrement of the echo box. 


378 


ieee ee, 


WILLOW RUN RESEARCH CENTER ~ UNIVERSITY OF MICHIGAN 
UMM-119 


ARTICLES (Continued) 


The ringtime equation is presented and those factors external 
to the echo box which affect the measuring accuracy are dis- 
cussed. 


Al4l1 - Theory of Ringing Time of Tunable Echo Boxes, by A. Banos, 
Report 630, 40 pages, Radiation Laboratory, Massachusetts 
Institute of Technology, November 3, 1944. (Unclassified) 


The equivalent circuit of a cavity resonator is first set 
up by inspection of the differential equations governing the 
behavior of its normal coordinates as here established. Ex- 
plicit formulas are given for the computation of the self and 
mutual parameters of the equivalent circuit. The case of the 
circular cylinder echo box is next discussed by means of a 
numerical example. The ringing time equation is established 
for a single mode and for two resonant modes. It is shown 
that the ringing time of a circular cylinder echo box, operating 
on a given TEoin mode and its companion degenerate TM, is 


mode, decreases materially and may become even lower than 
the recovery time of the TR-box if sufficient coupling between 
these two modes is brought about as by tilting of the end plates. 
The appendices include a summary of pertinent information on 
cylindrical resonators and the solution of the complete two mode 
transient problem. 

(Author's abstract) 


Al42 - Design of an Improved X-Band Echo Box, by A. Banos, Report 
631, Radiation Laboratory, Massachusetts Institute of Technology 
30 pages, December 7, 1944. 


It is recalled that, in present day X-band echo boxes, the 
ringing time is a critical function of the degree of parallelism 
between the end plates, as observed experimentally, due to the 
presence of the intrinsic degeneracy associated with the usual 
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operating mode of the right circular cylinder resonator. It 
is next shown theoretically that this anomalous behavior of 
ringing time can be eliminated through a suitable circularly 
symmetric deformation of at least one of the end plates. An 


experimental echo box operating on the TE51-12 mode is 


described which is equipped with three removable piston end 
plates comprising a flat disc of conventional design and two 
spherical caps of different depths which was designed 

and built for the purpose of testing the foregoing theory of 
end plate deformations. Extensive continuous wave trans- 
mission and ringing time measurements furnish adequate 
confirmation of the theory and show that an echo box has 
been produced with the spherical cap, whose ringing time is 
quite insensitive to moderate tilts of the fixed end plate with- 
in the most generous mechanical tolerances. The appendix 
contains a detailed account of the theory of end plate defor- 
mations. 

(Author's abstract) 
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Bl! - Cavity Resonators, General, by August Hund, Short Wave Radi- 
ation Phenomena, lst Ed., McGraw-Hill Book Co., N. Y., Vol. 
Il, pp. 1233-1236, 1952. 


A general discussion of resonant cavities is given. Ex- 
pressions are given for the cutoff wavelength in a rectangular 
cavity and for the resonant frequency. The same is done for 
cylindrical cavities. 


B2 - Resonant Cavities, by S. A. Schelkunoff, Electromagnetic Waves, 
D. VanNostrand, N. Y., pp. 267-272, 298-303, 437-440, 1951. 


Oscillations in cylindrical cavity resonators are treated 
using scalar and vector potentials. Expressions for the field 
within the cavity, change on the cavity surface, energy content, 
impedance and cavity Q are given. A cylindrical cavity of 
toroidal shape is next examined. The case of electric waves 
inside a hollow sphere is then discussed. 


B3 - Cavity Resonators, by J. C. Slater, Microwave Engineering, D. 
VanNostrand, N. Y., pp. 57-168, 1950. 


The theory of resonant cavities is developed by an approach 
different from the usual. The field in a hollow cavity is ex- 
panded in orthogonal functions, the electric field functions 
being of two kinds, one of which is irrotational and the other 
solenoidal. Expressions for the field in terms of these functions 
are obtained in the form of integral equations. The input im- 
pedance of a cavity is treated. The effect of perturbing the 
cavity boundaries is considered. The resonant cavity with one, 
two, or several outputs is examined at length. The tuning of 
the resonant cavity by altering its length is discussed, as well 
as other measurable properties such as the Q, losses, and 
power flow. Coupling to cavities by means of irises, probes, 
and loops is considered. A discussion of the cavity as a trans- 
former is presented. 
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B4 - Cavity Resonators, by H. E. Penrose and R. S. H. Boulding, 
Principles and Practice of Radar, VanNostrand, N. Y., 3rd 
Ed., pp. 671-679, 1950. 


Gives a brief discussion of resonant cavities, including 
classification as reéntrant or non-reéntrant, the latter being 
subclassified into cavities of spherical, cylindrical and rec- 
tangular shape. Also given is a brief discussion of the modes 
of cavity resonators. 


B5 - Cavity Resonators, by H. M. Barlow and A. L. Cullen, Micro- 
wave Measurements, Constable and Co. , London, pp. 74-98, 1950. 


The resonant cavity is compared to a tuned circuit. Formu- 
las are given for input impedance and Q-factor. Two theorems 
useful in connection with resonant cavities are presented: (1) 

If the surface is pushed in at a point of strong magnetic field, 
the resonant frequency is increased; if pushed in at a point of 
strong electric field, the resonant frequency is decreased. 

(2) If the input reactance of a transmission line coupled to a 
cavity is plotted as a function of frequency the slope will always 
be positive. A general discussion is then given of cavities of 
the waveguide type, expressions for the wave impedance, 

shunt impedance and transfer impedance being given, along 

with expressions for Q. The coupling to cavities is also treated. 


B6é - Resonant Cavities, by Simon Ramo and John R. Whinnery, Fields 
and Waves in Modern Radio, Wiley and Sons, New York, pp. 378- 
417, 1944, Sixth printing, 1949. 


Cavities of simple shapes and their lumped circuit analo- 
gies are discussed. Various physical pictures of waves in 
cavities are given. There is a mathematical treatment of the 
field within rectangular, cylindrical and spherical cavity reso- 


nators. Following this is a brief treatment of coaxial and re- 
éntrant cavities of various shapes, and finally, a discussion of 
coupling to cavities. 
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B7 - Resonant Cavities, Bell Laboratory Staff, Radar Systems and 
Components, VanNostrand, pp. 909-1020, 1949. 


Formulae and charts are given which aid in the design 
of right circular cavity resonators operating in the TE Oln 


mode, which yields the highest Q for a given volume. The 
application of these to the design of an echo box radar test 

set is shown, and practical considerations arising in the 
construction of a tunable cavity are discussed. Formulas 

are given for the calculation of the current streamlines and 
intensity in the walls of a circular cylindrical cavity resonator. 
Tables are given which permit the calculation to be carried 

out for many of the lower order modes. The integration of 


7 "ag @) 
—.,_ is discussed; 
Jig '(x) 


oO 


the integration is carried out for £= 1, 2, and 3, and tables 
of the function are given. The current distribution fora 
number of modes is shown by plates and figures. 

(Author's abstract) 


B8 - Principles of Microwave Circuits, by C. G. Montgomery, R. H. 
Dicke, and E. N. Purcell, Radiation Laboratory Series, McGraw- 
Hill Book Co., N. Y., Vol 8, Ch. 7, pp. 207-239, 1948. 


Resonant Cavities as Microwave Circuit Elements. 

Resonant cavities are treated from the equivalent circuit 
stand-point, representing the cavities as R.L.C. circuits. 
The resonant cavity is first regarded as a single-line, loss - 
less system. Next, an equivalent circuit of a single-line cavity - 
coupling system with loss is made. In both uses recourse is 
made to Foster's reactance theorem. An equivalent circuit 
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is constructed for a loop-coupled cavity. This is done by 
solving the field problem for the cavity coupled system, 
using the Lagrangian method. The iris -coupled, short 
circuited waveguide is dealt with, and finally, cavity 
coupling systems with two emergent transmission lines. 


B9 - Microwave Transmission Design Data, by Theodore Moreno, 
McGraw-Hill Book Co., N. Y., Ch. 13, pp. 210-241, 1948. 


The resonant cavity can be regarded as a parallel R.L.C. 
circuit and treated mathematically as such. The resonant 
frequency, Q, and shunt impedance of a resonant cavity are 
treated. A discussion of the various modes and their charac- 
teristics is given for resonators of rectangular, cylindrical, 
and spherical shapes, as well as for cavities of the reéntrant 
type, cavities of the coaxial line type, and ellipsoidal hyperbo- 
loid resonating cavities. In addition, the effects of loading, 
of temperature and humidity, and of coupling between resonators 
and transmission lines are briefly mentioned. The use of a 
resonant cavity as a filter is given. There are numerous 
graphs for use as design curves. 


B10 - Resonant Cavities, by Louis D. Smullen, and C. G. Montgomery, 
Microwave Duplexers, Radiation Lab. Series, McGraw-Hill Book 
Co., N. Y., Vol. 14, pp. 14-35, 1948. 


The. resonant cavity is discussed in connection with TR 
tubes. The resonant frequency and shunt resistance of the 
cavities are found, and also the Q and voltage transformation 
ratio. Loop-coupled and iris-coupled cavities are compared, 
and methods of tuning are given. Equivalent circuits of cavities 
are discussed. Other topics are tuning temperature compensa - 
tion, cavity couplings. 
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Bll - Resonant Cavities, by Ernest C. Pollard, and Julian M. Sturtevant, 
Microwaves and Radar Electronics, John Wiley and Sons, N. Y., 
pp. 44-55, 1948. 


A brief discussion is given of the rectangular cavity, 
and various other shapes are indicated. Brief and relatively 
non-mathematical discussions are made of energy storage 
in cavities, voltage and shunt resistance, and cavities in 
practice. 


B12 - Resonant Cavities, by W. H. Watson, The Physical Principles 
of Waveguide Transmission and Antenna Systems, Oxford, 
Clarendon Press, lst Ed., pp. 168-171, 1947. 


A brief general, non-mathematical discussion of resonant 
cavities is given. 


B13 - Cavity Resonators, by M. J. O. Strutt, Ultra and Extreme Short 
Wave Receptions, D. VanNostrand Co., N. Y., pp. 151-157, 1947. 


Resonant cavities are discussed as an extension of wave - 
guide theory. The cavity Q is dealt with briefly, and finally, 
the resonant cavity as a coupling element to antennas and 
electron tubes is mentioned. 


B14 - Resonant Cavities, by Louis N. Ridenour, Radar System Engi- 
neering, Radiation Lab. Series, McGraw-Hill Book Co., Vol. 1, 
pp. 405-409, 1947. ere 


Resonant cavities are described, Q is defined. 
B15 - The Measurement of Wavelength Using Resonant Cavities, by Carol 
G. Montgomery, Technique of Microwave Measurements, Radia- 


tion Lab. Series, McGraw-Hill Book Co., N. Y., Vol. I, pp. 285- 
342, 375-448, 1947. 
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The resonant cavity considered as a circuit element may 
be regarded as a system of coupled R.L.C. circuits of various 
forms. Equations for the normal field modes in cavities of 
rectangular, cylindrical, and spherical shapes are presented 
but not derived. The same is done for coaxial cylinders. 
Various practical wavemeter circuits are examined. Follow- 
ing this is a discussion of measurements of transmission, 
standing waves, phase, and decrement of cavities. 

Resonant cavities are also used as secondary frequency 
standards. TEo11 mode cavities for the purposes are discussed 


at length. The resonant frequency of cavities, however, is 

a function of the temperature and humidity, and these effects 
are treated. Various actual frequency measurement techniques 
are discussed. Resonant cavities are also used for measure- 
ment of frequency spectrum and pulse shape. The theory is 
given and following is an examination of various Spectrum ana- 
lyzers using resonant cavities. Other instruments using reso- 
nant cavities are presented briefly, including echo boxes. 


B16 - Resonant Cavities, by Donald G. Fink, Radar Engineering, Mc- 
Graw-Hill Book Co., N. Y., lst Ed., pp. 205-217, 1947. 


Resonant cavity theory is approached by contrasting the 
resonant cavity to a parallel resonant circuit. The theory of 
parallel L.C. circuits with resistance is reviewed. Expressions 
are given for the energy in and Q of a resonant cavity: also 
for the shunt resistance and energy dissipation. A discussion 
is given of the modes in cavity resonators in the shape of rec- 
tangles, cylinders, spheres, and for coaxial resonators. Their 
excitation is treated briefly. 


B17 - Resonant Cavities, Harvard University, Radio Research Lab. Staff, 


Very High-Frequency Techniques, McGraw-Hill Book Co. p Nu ¥ey 
Ist-Ed., Vol. Il, pp. 611-626, 769-795, 878-939, 1947. 
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An extensive discussion is given of equivalent circuits 
for resonant cavities. Several equivalent circuits are given 
for the resonant cavity and its coupling. The measurement 
of various quantities associated with cavity resonators is 
considered. Methods of calculating the parameters are then 
presented. An analytical justification of the methods is made. 
The coaxial cavity as a tuning device is discussed, in- 
cluding coupling problems and extraneous responses. Multi- 
cavity resonators are dealt with briefly, and also the rec- 
tangular-waveguide cavity. Coaxial line resonators are 
treated in connection with oscillators, the topics including: 
TEM, TE, and TM modes, application to reflex tubes, con- 
dition for oscillation, reactances, effect of cavity dimensions, 
desirable modes, eliminations of mode interference and out- 
put coupling methods. Plunger design is considered at length. 


B18 - Cavity Resonators, by L. G. H. Huxley, A Survey of the Princi- 
ples and Practice of Waveguides, MacMillan Co., N. Y., pp. 
218-246, 1947. 


Cavity resonators are introduced by considering a wave- 
guide with conducting end plates. The field configurations 
are then mentioned briefly. Expressions are derived for the 
resonant wavelength in the cavity. Mention is made of the 
charges and currents-on the cavity walls, the method of ex- 
citing a cavity resonator, and the Q-factor. The uses of 
resonant cavities as wave meters, echo boxes, and oscil- 
lators is then discussed. Other topics briefly treated are 
the measurement of power factor and Q of dielectrics, the 
equivalent circuit of a resonator, and the resonator method 
for measurement of waveguide discontinuities. 


B19 - Resonant Cavity, by V. J. Young, Understanding Microwaves, 
Rider Publishing Co., N. Y., pp. 170-198, 1946. 


An elementary and non-mathematical discussion is given 
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which includes: determination of frequency in resonant cir- 
cuits; the development of a cavity from a wire loop, the 
forms of various cavities, the modes in these cavities, 
method of coupling to cavities, cavity Q, shunt resistance 
of, and energy storage in, the cavity. The dependence of 

Q on volume is indicated. The tuning of a cavity by adjust- 
able slugs is mentioned, and the treatment is concluded 
with applications of cavity resonators. 


B20 - Cavity Resonators, MIT Radar School Staff, Principles of Radar, 
McGraw-Hill Book Co., N. Y., pp. 10-46 to 10-81, 1946. 


The phenomenon of resonance in cavities is discussed, 
and the mode of oscillation for rectangular and cylindrical 
cavities. The Q-factor, power loss, input impedance of 
cavities, and coupling to transmission lines are treated. 
Following this is a survey of the use of resonant cavities 
for velocity modulated tubes, wavemeters, TR boxes, and 
echo boxes. 


B21 - Resonant Cavities, by R. I. Sarbacher and W. A. Edson, Hyper 
and Ultra-High Frequency Engineering, John Wiley and Sons, Inc., 
N. Y., pp. 364-399, 1943. 


Formulae are developed for the field components ina 
rectangular cavity, treating the cavity as a waveguide with 
reflecting end walls. Expressions are given for the resonant 
frequency, and for cutoff wavelength, power loss and Q. Formu- 
lae are derived for the power in a cavity with walls of finite 
conductivity. Cylindrical cavities are treated similarly, and 
a briefer treatment of coaxial cylinders and spherical resona- 
tors is made. Brief mention is made of cavity coupling and 
equivalent lumped constant circuits. The above shapes of 
cavities are compared. 
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B22 - Cavity Resonators, by F. E. Terman, Radio Engineer's Handbook, 
McGraw-Hill Book Co., N. Y., Ist Ed., pp. 264-273, 1943. 


The various types of cavity resonators are listed and a 
description of the kinds of modes is given. A brief treatment 
is made of cavity Q, resonant frequency, shunt impedance, 
and coupling to cavity resonators. . 


B23 - Resonant Cavities, by J. C. Slater, Microwave Transmission, 
McGraw-Hill Book Co., N. Y., lst Ed., pp. 300-304, 1942. 


A dipole in a waveguide closed at both ends is discussed, 
giving input impedance and Q. 


B24 - Resonant Cavities, by R. L. Lamont, Waveguides, Methuen and 
Co., London, pp. 69-82, 1942. 


The following topics are discussed: energy relations in 
cavity resonators; cavities of rectangular, spherical, cylindri- 
cal and coaxial shapes; and comparison of resonators. 


B25 - Cavity Resonators as Waveguide Filters, by George L. Ragan, 
Microwave Transmission Circuits, Radiation Lab. Series, Mc- 
Graw~-Hill Book Co., N. Y., Ist Ed., Vol. 9, pp. 645-688, 1941. 


Resonant cavities may be used as band-pass filters in micro- 
wave transmission lines. The filter characteristics are ex- 
amined by use of equivalent circuits for the cavity, consisting 
of a number of resonant circuits coupled together. The design 
of cavity filters is discussed. The coupling is important, 
since it determines the band width. Resonant cavities may be 
coupled together to give a sharp cutoff characteristic. These 
cavities may be direct coupled, but it is advantageous to couple 
the cavities with quarter -wavelength lines. 
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GLOSSARY OF SYMBOLS AND TERMS USED 
FREQUENTLY IN THIS REPORT 


Mode (cavity) A standing wave pattern of electric and magnetic 
fields within a cavity, always associated, ina cavity 
of a particular shape and size, with a particular 
resonant frequency. 


Ringing time The length of time, measured in microseconds (or 
its equivalent, radar range) during which an echo 
box signal can be detected by an operator observ- 
ing the signal on the radar scope. 


Sensitivity of an A number expressing the relation between a change 

echo box in ringing time and the corresponding change in 
radar performance. Usually expressed in yards 
per decibel. 


TE mode A type of mode in which the electric field is always 
(Transverse Elec- perpendicular to a designated axis. Sometimes 
tric) called "M" mode. 


TEM mode (Trans- A type of mode existing in transmission lines and 


verse Electro- coaxial cavities, in which both electric and mag- 
Magnetic) netic fields are always perpendicular to the axis. 
TM mode (Trans- A type of work in which the magnetic field is al- 
verse Magnetic) ways perpendicular to a designated axis. Some- 


times called "E'' mode. 


A Referring to a particular mode, the intercept on 
the vertical mode chart axis of the line represent- 
ing this mode. 


B Referring to a particular mode, the number which 
when multiplied by n@ gives the slope of the mode 

line (=0.34799 xX 1029 if the cavity dimensions are 

in inches and frequency is in megacycles). 
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Capacitance (farads). 


Inside diameter of echo box cavity (inches). 

Radar performance (measured at the echo box input, 
decibels), 

Electric field intensity (volts per meter). 

Function of. 

Level difference; the ratio of the voltage at the input to 
an echo box measured during the transmitted pulse to 
that at the end of ringing. 

Magnetic field intensity (ampere - turns per meter), 


Surface current density (amperes per meter). 


Bessel function of the first kind; derivative of Bessel func- 
tion of the first kind. 


Constants of proportionality . 


Inductance (henrys). 
Inside length of echo box cavity (inches). 


Mutual inductance (henrys). 


"Mode Shape" factor, 28 . A quantity used to describe 
the relative merit of a particular cavity shape. 
Power (watts, milliwatts, or microwatts). Also expressed 


in decibels above milliwatts (dbm.) or decibels above 1 
watt (dbw. ). 


Quality factor of cavity. Analogous to the Q for a resonant 
LRC circuit. 


"Loaded" Q, the effective value of Q of a cavity coupled 
to an external circuit. 
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"Unloaded" Q; that value of Q which a particular cavity 
would have if it were not coupled to an external circuit. 


"Theoretical" Q; a value of Q computed on the basis of 
ideal cavity shape and the conductivity of silver. 


Radar pulse length, microseconds. 


Volume of resonant cavity. 
Energy (joules), or ratio of energies (decibels). 


Bessel function of the second kind; derivative of Bessel 
function of the second kind. 


Distance measured along a cavity axis. 
Unit vector directed along cavity axis. 


Velocity of electromagnetic radiation (emmiimeter per second). 
Decrement; the number of decibels decrease per micro- 
second of the power re-radiated from a cavity during 
ringing. 

In a partial coaxial cavity, the length which must be added 

to the physical length of the center conductor in order to 
obtain the electrical length. 

Diameter of inner conductor of coaxial cavity (inches). 


Frequency (megacycles). 


Subscripts designating a particular cavity mode. £,m, and 
nare always integers. 


The mth root of the Bessel function of order ¢, or the 
mth root of the derivative of the Bessel function of order £. 


Time (seconds). 
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Temperature coefficient of resistivity (ohms per ohm per 
degree Centigrade). 


Skin depth (centimeter). 
Permittivity of free space. 
Angle measured about a cavity axis. 

A unit vector directed perpendicularly to the radius of an 
angle Q. 

Wavelength (centimeters). 

Permeability of free space. 

Resistivity (ohm - centimeters). 

Distance measured radially from a cavity axis. 
A unit vector directed radially. 
Flux (webers), 


emf. 


is proportional to. 
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